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The interpretation that the coincident discharge of three 
or more G-M counters in line represents the passage of a 
single ionizing particle through the counters and any 
intervening material has been checked by two methods: 
(1) A vertical cloud chamber between the central and lower 
counters of a triple-counter telescope controlling the 
chamber has shown in 90 percent of the coincidences a 
single electron directed through the counters even when 
lead up to 45 cm in thickness is placed between the central 
and upper counters. Soft or hard rays associated with the 
single particle are rare. (2) Four counters so spaced that 
90 cm of material could be introduced between them con- 
trolled additional counters which were placed adjacent to 
the telescope elements and connected as in a hodoscope 


INTRODUCTION 


N 1933 Rossi! presented in the form of a sum- 

mary a description of a series of important 
counter studies of the cosmic radiation at sea 
level. As a result of these and more recent inves- 
tigations? Rossi has concluded that two-thirds of 
the penetrating radiation at sea level consists of 
high energy (sufficient to penetrate at least 10 
cm of lead) ionizing corpuscles, and that this 
corpuscular component is reduced to about half- 
value in traversing a meter of lead. In 1934 
Anderson, Millikan, ef al.* in a report of cloud- 
chamber observations of cosmic-ray phenomena 


* Presented at the New York meeting of the American 
Physical Society, February, 1935. See abstracts Nos. 31 
and 32. 

' B. Rossi, Zeits. f. Physik 82, 151 (1933). 

2 B. Rossi, Internat. Conf. Phys., London, October, 1934. 

? Anderson, Millikan, Neddermeyer and Pickering, Phys. 
Rev. 45, 352 (1934). 
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circuit for the detection of rays associated with those 
producing the quadruple counts. In only 10 percent of the 
coincidences were any of the side counters discharged. 
Absorption data obtained with the latter arrangement for 
lead, iron and marble (CaCO,) indicate that the absorption 
as a function of the thickness of absorber on a scale of 
extranuclear electrons per cm?’ is approximately the same 
for all three materials. The lead values have been compared 
with Anderson's electron energy distribution (for the 
counter controlled data) to determine what specific energy 
loss values for electrons in lead must be assumed to satisfy 
both sets of data. The results are: 

Average energy loss (MEV) 


per cm Pb 45 31 
Energy range MEV 0-680 680-1150 


25 20 
1150-1900 1900-2500 


presented two objections to Rossi’s conclusions 
which may be stated as follows: 


(1) Shower processes may account for a large fraction of 
the coincident counts of a set of Geiger-Miiller counters 
when thick lead absorbers are placed between the units. 

(2) It is impossible to reconcile the absorption curve 
Rossi with their energy distribution and 
Recently, 


obtained by 


specific energy loss observations. however, 
Anderson has presented a very different energy distribution 
curve‘ and a higher average specific energy loss for electrons 


in the range below 300 mev. 


Further studies by Rossi,’ Street and Johnson® 
and others® support the original interpretation of 
single ionizing corpuscles. In view of the need 
for a definite decision concerning the significance 
of the counter absorption experiments we have 


‘Anderson and Neddermeyer, Internat. Conf. Phys., 
London, October, 1934. 

* Street and Johnson, Phys. Rev. 42, 142 (1932). 

*D. S. Hsiung, Phys. Rev. 46, 653 (1934). 






































892 STREET, WOODWARD 
aa 
r 30 
20 
+ /O 
-O 
Ch Cm 
i eee 
Cm 0.9. #4 &f 
Fic. 1. Geometrical arrangement of counters (C;, C:, Cs) 


absorbing material (P>), and cloud chamber (Ch). 


investigated in detail the phenomena associated 
with the coincidences of a set of counters when 
thick absorbers are placed between them. We 
present in this paper the results of this investiga- 
tion together with some new observations on the 
absorption of the fast corpuscles in lead and other 
materials. 


STUDY OF THF COINCIDENCE MECHANISM WITH 
THE CLOUD CHAMBER 


Three counters were placed one above the 
other in a vertical plane with their axes hori- 
zontal. The absorbing material was introduced 
between the central and upper counters and a 
vertical cloud chamber was between the central 
and lower counters. Fig. 1 is a scale drawing of 
the arrangement. (The upper counter actually 
consists of three tubes in parallel to increase the 
solid angle.) In order to reduce secondary effects 
to a minimum the apparatus was unshielded from 
above except for a light wooden roof and care was 
taken to remove dense material from the im- 
mediate neighborhood of the counters. The ar- 
rangement is therefore well designed to examine 
the discharge mechanism of the usual coincident 
counter telescope adapted for absorption meas- 
urements. On the basis of Rossi's interpretation 
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the counter-controlled cloud photographs should 
show single tracks directed in some line through 
the counters and the absorbing material, whereas 
if the objections cited above are valid, such single 
tracks should be from most of the 
photographs. 

We have taken photographs with both a 45-cm 
and a 15-cm lead absorber, 112 in the first case 
and 107 in the second. With the 45-cm block, 101, 
or 90 percent, show single rays directed through 
the counters; with the 15-cm block there are 101, 


absent 


or 94 percent such cases. 

These direct observations with thick absorbers 
show that the first objection of Anderson, 
Millikan, et al. is not valid. Our results are not 
contradictory to their actual observation that the 
relative importance of shower produced coin- 
cidences is increased by placing one cm of lead 
between a pair of counters. However, their as- 
sumption that showers become increasingly im- 
portant with thicker absorbers is definitely in 


error. Auger and Ehrenfest’ have recently 
reached the same conclusion from a_ similar 
experiment. 


It is of some interest to determine the fre- 
quency of occurrence of secondary radiation 
associated with the penetrating corpuscles. This 
is a difficult problem with a cloud chamber be- 
cause of the poor time resolving power of the 
method, but the photographs do give some quali- 
tative information. Many of them show, in 
addition to the straight track directed through 
the counters, other tracks of the same apparent 
sharpness. However, 58 photographs taken at 


TABLE I. Summary of data on photographs. 


COUNTER 
CONTROLLED RANDOM 
45 cm iScm UNDER 
LEAD LeaD 15cm Leap 
Total Photographs 112 107 58 
Photographs with a straight track through 
the lead and counters 101 101 1 
Photographs with 1 inclined* ray contempo- 
rary with the expansion 24 24 12 
Photographs with 2 inclined rays contempo- 
rary with the expansion 6 14 6 
Photographs with more than 2 inclined rays 
contemporary with the expansion 3 4 0 
Total inclined rays contemporary with the 
expansions 36 51 24 
* By “inclined” rays we mean those directed at such angles that they 
would not pass through the counters and absorbing material 
8-rays which are obviously soft have not been classified as they are 


probably due to the normal radioactivity of the air and matter surroun 
ing the chamber. 


* Auger and Ehrenfest, Comptes rendus 199, 1609 (1934). 
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random show about the same percentages of soft 
beta-rays and sharply inclined straight rays ap 
parently contemporary with the expansion. Thus 
we conclude that, with a thick absorber, complex 
phenomena actually associated with the single 
rays through the counters are infrequent 

Phe « omple te data are classified and described 
in Table I. Figs. 2 and 3 are typical examples of 
straight rays unaccompanied by any other con 
temporary phenomenon. Fig. 4 shows a straight 
trac k and sott elec tron trac ks in addition | ig 5 
shows a complex shower, the only one observed 
in 219 photographs 
StuDY OF THE EFFECT OF SHOWERS WITH A 

HoposcoPpe CIRCUIT 


A set of counte rs, designed for the investigation 
of the abundance of associated rays, has been 
constructed as shown in Fig. 6. There are four 
groups of counters so spaced that six blocks of 
absorbing material with a total thickness of 91.5 
cm can be placed between them. The two central 


counters in each group are connected in parallel 
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so that they act as a single counter. Quadruple 
coincidences between the four pairs of central 
counters are recorded for various thicknesses of 
absorbing material. The eight outside counters 
and eight corresponding neon lamps are con- 
nected in the same way as the hodoscope unit 
designed by Johnson and Stevenson*® and are 
controlled by the coincidence set. A discharge ol 
an outside counter causes its corresponding neon 
lamp to flash, provided a quadruple coincidence 
occurs simultaneously. The lamp flashes are 
photographed by an automatic camera, each 
quadruple count advancing the film one frame 
The number and positions of the flashes recorded 
on the film indicate the number and positions of 
the outside counters which are discharged by rays 
associated (coincident in time) with the ray or 
rays which caused the quadruple coincidence 
Examination of a total of a thousand frames 
shows that the flashes are distributed statis 
tically at random among the eight counters—no 
positions seeming to be preferred. Of 355 frames 


taken with no absorber between counters 9.5 


percent show at least one flash, and 3.6 percent 


* 00 
a 
| | 
j 
— r #0 
Pp 
a + 60 
— 
bias 
| 
i 
| | 
Pe? 
—_— 
i zo 
/ 
LJ 
rc | 
' | ' 
| | Lo 
cu 
| 
= 
We 
| 6 \ oe ‘ ( ct ters the easure c 
t ~ SI elect 5 





894 STREET, 
show more than one. Of 343 frames taken with 
91.5 cm of lead between counters 10.2 percent 
show at least one flash, and 4.5 percent show 
several. In effort to the 
possible number of associated rays, we placed 1.4 
cm of lead (the thickness! giving maximum 
shower production) above the top counters, and 


an obtain greatest 


observed that 16.8 percent of 326 frames show at 
least one flash and 9.3 percent show more than 
one. The probabilities of accidental flashes (0.3 
percent and of lamp failures (6 percent entirely 
due to the 
counters) have been measured in the usual way’ 
The 


indicate that groups of rays coming from the 


inefficiency of the corresponding 


and corrections have been made. results 
atmosphere and from the absorbing material are 
comparatively rare, and thus the chance of four 
counters being discharged simultaneously by as- 
sociated rays is too small to account for an 
appreciable part of the observed counting rate. 
The counting rate is reduced to 3 percent of the 
eriginal value by displacing the central counters 
just out of line. Moreover, the relative abundance 
of associated rays remains approximately con- 
stant with various thicknesses of absorbing ma- 
terial, and, therefore, such associated rays cause 
no appreciable error in the relative counting 
rates. 

Errors due to associated rays at thicknesses 
near the optimum scattering value may be avoided 
by building the absorbing material up from the 
bottom of the unit. Although Fiinfer'’ has found 
some upward scattering, it is small compared to 


WOODWARD 





TABLE II. Absorption of electrons in lead, iron and marble 
THICK- 
NESS { R 
OF Eire k I rED 
ARn- TRONS Ovap- Counts Prot Cor 
SORBER PER CM Tit RUPLE PER ABLI I 
cM) x~10°™ MIN OUNTS MIN ERROR RATE 
Lead 0.00 0.000 10528 3052 0.289 0.0048 0.2290 
1.43 038 75345 1860 4 0056 45 
15.2 4il 6146 1308 13 0038 00 
30.5 822 4565 832 178 0033 167 
61.0 1.64 4149 573 138 oo4) 178 
91.5 2.47 7111 R43) 11 oo?9o 107 
Iron 00 00 4071 1140 x0 006? 20 
15.2 337 4534 1058 34 oos3 »9 
30.5 674 4391 S48 193 0041 181 
61.0 1.35 4053 652 1¢ O0O44 49 
91.5 ».O2 4448 S91 43 0066 2 
Marble 00 00 4234 1202 24 O0s9 R4 
30.5 50 O71 158 23 0049 23 
61.0 500 4402 911 07 0026 06 
91.5 750 14536 O38 »” oo? 19 
* Street and Woodward, Phys. Rev. 46, 1029 (1934 
2° Von E. Fiinfer, Zeits. f. Physik 83, 92 (1933 
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the downward intensity. In fact the introduction 
of 1.4 cm of lead below the bottom counter was 
found to produce no observable increase in the 
quadruple counting rate. 

As a result of these experiments we conclude in 
Rossi*® that 
counters in carefully designed quadruple or triple 


agreement with the use of efficient 
coincidence telescopes will result in data which 
may be interpreted on the basis of the passage of 
charged particles through the counters 


NEw ABSORPTION RESULTS OBTAINED WITH 
THE COINCIDENCE UNIT 


In view of this conclusion we have made a more 
extensive study of the absorption of the fast 
electrons in three materials. The results for lead 
The 


counting rates have been corrected for baro- 


iron and marble are tabulated in Table II 


metric fluctuation" and the probable errors have 
been the The 
dental counting rate has been found to be too 


estimated from residuals acci- 


small 0.00011 per min.) to cause any error, but 
the change in efficiency’ of the counters with 
thickness of absorber (and consequent change of 
individual rates) has been found to be appreci- 
able. The corrected rates are given in the final 
column. In Fig. 7 the quadruple counting rates 
have been plotted against the thickness of ab- 
sorber expressed in extranuclear electrons per 
cm*. The iron points lie within the probable error 
of the lead curve, but there is an indication that 
the absorption per electron of iron is less than 
that of lead, and that the marble is less absorbing 
than the iron. If these apparent differences are 


Stevenson and Johnson, Phys. Rev. 47, 578 (1935 
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Fic. 8. Anderson's energy distribution of cosmic-ray 
electrons. 


due to nuclear absorption, the absorption per 
nucleus increases somewhat more rapidly than 
linearly with the atomic number. 


COMPARISON OF THE LEAD ABSORPTION CURVE 
WITH THE ENERGY DISTRIBUTION CURVE 


Since we are confident that the lead absorption 
curve is reliable, it is instructive to compare it 
with Anderson's energy distribution curve.‘ 
These two curves are related by the energy loss 
per cm of lead, and, as Anderson has pointed out, 
are in disagreement, if, as he assumes, the specific 
energy loss is independent of the energy of the 
rays. At the International Conference in London, 
Anderson reported a list of 104 cosmic-ray energy 
measurements obtained with a counter-controlled 
cloud chamber. No measurements of energies 
less than 300 millions of electron volts (MEV) are 
included, so we have added a reasonable number 
(30) of low energy rays to the list (this choice of 
30 will be justified to a certain extent below) and 
have plotted the number of rays per 500 MEV 
interval against the energy of the rays to obtain 
the smoothed curve given in Fig. 8. Assuming 
that the penetration of the rays depends on their 
energies, i.e., that rays of a given energy have 
approximately the same range and that that 
range is greater for rays of greater energy, it is 
possible to determine the specific energy loss as a 
function of the energy by comparing the lead 
absorption and energy distribution curves. The 
first block (15.2 cm) of lead absorbs a definite 
fraction of the cosmic-ray electrons, and that 
fraction on the energy distribution curve cor- 


cmrer = ate 


Fic. 9. Specific energy loss for lead as obtained from 
comparison of the lead absorption curve with Anderson's 
energy distribution curve. 


responds to an energy range (0-680 MEV). The 
second block absorbs a further fraction cor- 
responding to a higher range of energy (680-1150 
MEV). Then the average specific energy loss per 
cm of lead is obtained by dividing the energy loss 
in the lead block by the thickness. The results are 
plotted in Fig. 9. The large open circle is an 
average of Anderson's direct measurements. The 
choice of 30 low energy electrons to complete 
Anderson's energy distribution curve below 300 
MEV gave the best fit between the initial part of 
this plot and Anderson's value of 57 MEV per cm. 
The value 45 MEV on our curve of Fig. 9 is 
questionable since it depends on the choice of the 
number of low energy electrons, but the other 
values are only slightly influenced by that 
number. All of Anderson's nine measurements of 
the specific energy loss reported at London were 
obtained from observations of rays of energy less 
than 300 MEV. They fluctuate from 18 (less than 
our lowest value) to 120 MEV per cm. Thus we 
may consider our results as an extension of the 
average specific energy loss to higher energies. 
Consideration of the curve and Anderson's 
fluctuating values leads to the speculation that 
fast electrons may lose energy by two processes: 
(1) Encounters with extranuclear electrons re- 
sulting in a nonfluctuating energy loss, probably 
independent of the energy, and which has a value 
of about 18 MEV per cm; and (2) nuclear or 
possibly close electron encounters with large 
energy losses (due to radiation or pair produc- 
tion), the probability of these encounters de- 
creasing with increasing energy. : 
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Effect of Chemical Combination on the K, Lines of Sulphur, Chlorine and Potassium* 


Joseru VALASEK, University of Minnesota 


(Received April 20, 1935) 


By vaing a special form of target, the A@, lines in the 
spectrum of the secondary x-radiation from a series of 
alkali halides and some alkaline earth sulphides have been 
measured. Combining the results with Stelling’s values for 
the K absorption edges one readily finds values for the 
electron affinities of Cl” and S~~ and for the ionization 
potentials of K* as they exist in the respective crystals. 
Pauling’s theory is used to reduce these values to those for 


HE change in wavelength of an x-ray 

emission line as a result of the state of 
chemical combination is usually very small even 
when the line “optical” energy 
levels. The effect is best observed in the K@ lines 
of light elements such as sulphur, chlorine and 
potassium. However, practically all but the 
most recent data on this point are unreliable. 
This results from the use of the powdered 
substance rubbed fine scratches on the 
surface of the target as the source of the radia- 
tion. Under the intense heat in the focal spot, 
the material reacts with the target metal and 
one thus observes the spectra of the products of 
the reaction. This difficulty can be overcome to 


involves the 


into 


a large extent by using a fluorescence method 
and by changing the substance frequently since 
even the x-rays dissociate the material in many 
cases. However, most of the recent investiga- 
tions': *: * employing a strict fluorescence method 
have been necessarily restricted to the strong 
Ka lines. These do not show much displacement 
as a result of chemical combination and are not 
fundamentally as interesting as the K@ lines 
which are radiated when the most loosely bound 
electrons in the compound fall into a vacancy in 
the K shell. 

The writer has been experimenting with a 
method which excites the spectra with sufficient 
intensity so that the K@ lines can be studied 


Pittsburgh 
December 


was made at the 
Physical Society, 


*A preliminary report 
Meeting of the American 
28-29, 1934. 

' Faessler, Zeits. f. Physik 72, 734 (1931 

? Lundquist, Zeits. f. Physik 77, 778 
(1933); 89, 273 (1934). 

* Yoshida, Inst. Phys. Chem. Research Tokyo, Sci. Rep. 
421, 298 (1933). 


(1932); 83, 85 


the free ions. Good agreement with other data is obtained 
in the case of the chlorides, fair agreement in the case of 
the potassium compounds, and poor results in the case 


of sulphur. Possible causes for these discrepancies are 


suggested. The general method used in this work to obtain 
the spectra of compounds may find useful application in 
methods of chemical analysis by means of x-ray spectra. 


without much difficulty. As first developed and 
described,‘ the target was simply provided with 
a clamp which held the substance to be studied 
within a millimeter or two of the focal spot. 
The substances used at first were pieces of single 
crystal or mineral. Because of the difficulty in 
obtaining the materials and the purity desired, 
the compounds have lately been obtained as 
pure chemicals or prepared by precipitation from 
solution. The slightly damp powder is pressed 
into a semi-cylindrical “‘pill”’ and dried in vacuum. 
The compound is then placed under the clamp 
with its flat side toward the focal spot. With tne 
form of target described, there is a troublesome 
background of direct radiation from the target 
which, in spite of care, becomes more or less 
contaminated with the material being studied. 
Consequently there is always at least a weak 
spectrum of the products of reaction with the 
target metal superposed on the spectrum it is 
desired to observe. To overcome this difficulty, 
the target was remodeled as shown in Fig. 1. 
The shield, a, attached to the side facing the 
spectrograph effectively prevents any radiation 


PABLE |. Wavelengths of reference lines. 
Line Reference Wavelength Order 
S Ag Ni Kay 1654.50 3 
Ni Kay 1658.35 3 
Cl Kg W La; 1473.36 3 
K Ag Ni Ka; 1654.50 2 
Ni Ka: 1658.35 2 
Co Ka, 1785.29 2 
Co Ka; 1789.19 2 
* Valasek, Phys. Rev. 43, 612 (1933). 
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Fic. 1. X-ray target. ¢ is a pressed block of the com- 
pound; a is a metal shield which screens the spectrograph 
slit s from the direct radiation from the face of the target. 


except that from the compound, c, from entering 
the spectrograph, s. The spectrograph was of 
the Siegbahn vacuum type with a calcite crystal. 
The wavelengths were determined by measuring 
their distances from certain selected standard 
lines. These lines and their assumed wavelengths 
are given in Table I. 

The results of measurements of the principal 
beta-lines are given in column four of Table IT. 
In several cases weak satellites were observed 
and measured, but the data are as yet incomplete 
and not very accurate because of the faintness 
of these lines. It is planned to use a concave 
crystal spectrometer to finish the study of these 
weak lines. The compounds listed are all of the 
rare gas electron shell type and, except for 
CsCl, they all form crystals of the familiar NaCl 
type with the interionic distances given under R. 
The column headed K., gives the wavelengths 
of the principal K absorption edges as measured 
by Stelling.® The fifth column gives the difference 
between K.. and K§, in X. U. (10-" cm), while 
the last column gives this difference expressed 
in electron volts. 

These results give information in regard to 
the energy levels and photoionization frequencies 
of solids. If we let vx represent the K absorption 
frequency, and vg the frequency of the beta-line, 
then the difference 

hyx —hvg=eVyu=hry 
represents the energy required to remove an M 
electron from the ion in the crystal. These M/ 
electrons, it might be noted, constitute the 
outermost or rare gas shell of the ion. Thus one 
obtains a measure of the ionization potential or 
electron affinity of the ion in the crystal. Further- 
more, the most easily removed electron which 
will belong to the negative ion, should determine 


® Stelling, Zeits. f. Physik 50, 506 (1928). 


TABLE II. Jnterionic distances and x-ray wavelengths. 


Diff. Diff. 


Compound R K.. KB, X.U. volts 
Sulphides 
MeS 2.595 5005.3 5018.40 13.1 6.5 
CaS 2.84 5006.6 5019.00 12.4 6.2 
SrS 2.935 5019.39 
BaS 3.175 5007.5 5019.74 12.2 6.1 
Chlorides 
Licl 2.57 4383.8 4394.57 10.8 6.9 
NaCl 2.814 4384.1 4395.36 11.3 7.2 
KCl 3.14 4385.0 4395.44 10.4 6.6 
RbCl 3.285 4385.3 4395.24 9.9 6.3 
CsCl 3.55 4387.4 4394.77 7.4 4.7 
Potassium halides 
KF 2.665 3427.7 3447.16 19.5 20.3 
KCl 3.14 3427.9 3446.98 19.1 19.9 
KBr 3.289 3427.9 3447.34 19.4 20.3 
Kl 3.52 7 20.5 


6 3427.7 3447.43 19. 


the photoelectric threshold of the crystal. There 
are presumably no free electrons in these crystals. 

The values listed in the last column of Table II 
are these ionization potentials for the ions in the 
crystals. In most cases it is possible to reduce 
these values to those pertaining to the free ions 
and to compare the results with those obtained 
by independent methods. In order to make this 
reduction we will use Pauling’s theory*® on the 
effects of chemical combination on x-ray absorp- 
tion edges and on photoelectric thresholds. 
According to Pauling, if the energy required 
to remove an electron from a free ion is repre- 
sented by /v, then the energy required to remove 
the same electron when the ion is in a crystal 
lattice is 

hy=hyw+edo—E,. 

Here e¢ is the increase in binding energy of an 
electron due to the external screening effect of 
the surrounding ions and is approximately equal 
to the lattice energy. E, is the electron affinity 
of the crystal and is proportional to the magnetic 
susceptibility of the crystal. It is closely related 
to the inner field in the Sommerfeld theory of 
electrical properties of metals. The sign and 
magnitude of E. is the same for both ions in the 
crystal, while e@ is positive for a negative ion 
and negative in the case of the positive ion. 
Pauling® finds that the photoelectric threshold 
of the crystal, which is the energy required to 
remove an electron from the negative ion, is 


* Pauling, Phys. Rev. 34, 954 (1929). . 


— 


——— 
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affected by chemical combination to exactly the 
same extent as the K absorption edge of the 
negative ion. Thus there is no appreciable ionic 
deformation even in the ion in which it would 
most likely occur. However, most of the data 
on the wavelengths of the x-ray emission lines, 
Table II, show that there is some differential 
shift in the various energy levels but that this is 
small compared to the shift in the levels them- 
selves. 

As a specific example of the relation of 
Pauling’s theory to the data given here, consider 
the Cl~- ion in KCl. The value of e@ is 7.98 
electron volts and E, is 5.2 Thus the 
x-ray energy levels are shifted upward by +2.8 
volts with respect to their locations for the free 
Cl- ion. The emission of a Kf line by the K 
shell ionized Cl~ ion brings it to within 6.6 volts 
of its ground state, that is, to its M level. 
(Table II, last column.) This is the 
required to remove an electron from the outer 
ion when it is in the 


volts. 


energy 


rare gas shell of the Cl 
crystal. If this state is also 2.8 volts higher 
than it would be in the case of free Cl-, the 
electron affinity of free Cl is 6.6—2.8 or 3.8 
electron volts which is in good agreement with 
the accepted value of 3.7 volts. The other 
chlorides give equally good agreement as is 
shown in the last column of Table III where 
results of similar calculations are given. 

In the case of the K* ion in KCl, the energy 
levels are all displaced by —e@—E, according 
to Pauling, or by 13.2 electron volts. This is a 
downward displacement of the levels for the ions 
in the crystal with respect to their positions for 
free ions. Now the x-ray data give 19.9 volts as 


TABLE III. Electron affinities and ionization potential of ions. 





Substance eo—E, hvn—hvg_ EI. Aff. (calc.) 
Chlorine ion. Electron affinity = 3.7 volts 
LiCl +3.5 Vv 6.9 Vv 3.4 ¥ 
NaCl 3.3 7.2 3.9 
KCI 2.8 6.6 3.8 
RbCl 2.6 6.3 3.7 
CsCl 1.2 4.7 3.5 
Potassium ion. lonization potential = 31.7 volts 
KF — 13.0 20.3 33.3 
KCI 13.2 19.9 33.1 
KBr 12.9 20.4 33.3 
KI 12.7 20.5 33.2 
Sulphur ion. Electron affinity = 2.06 volts 
+0.9 6.1 5.2° 


BaS 
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KCl: 


the ionization potential for the K* in 
consequently the ionization potential of free K* 
ions turns out to be 33.1 volts. This is farther 
from the accepted value of 31.7 for the second 
ionization potential of potassium than one may 
account for by experimental error in the x-ray 
data. It seems significant that all the values 
obtained in this way are quite uniformly high 
by about 1.5 volts. 

In the case of the only sulphide for which the 
magnetic susceptibility could be found, namely 
BaS, the electron affinity of S 
too high, as is shown in Table III. 

Several causes for these discrepancies may be 
suggested. In the first place, a point lattice of 
positive and negative charges is assumed in the 
derivation of the formula for the crystal potential 
ed which contributes to the energy level shifts. 
A formula based on a distribution of electrons 
throughout space, which is more in accord with 
that existing, may give better results. Secondly, 
the M levels are not single levels and the use of 
only the strongest AQ, line may lead to a calcu- 
lated M level which is consistently higher than 
the lowest level. The multiplicity or fine structure 
of the M level may be partly due to the fields of 
the neighboring ions and thus be different for 
the different types of compounds. Previous study 
of the sulphur Kg demonstrates the 
existence of such an effect. A more complete 
study of the entire pattern of the beta-lines of 
the compounds reported on here will be made 


comes out much 


lines* 


with a focusing spectrograph. 

The method described here for obtaining the 
x-radiation from compounds may find useful 
application in problems of chemical analysis 
along lines given by von Hevesy.’ It seems to be 
an advantage to work with a pressed block of 
the material instead of a thin layer of the powder 
in intimate contact with a metallic background. 
The spectra obtained are more intense when the 
block is used, and one avoids the risk of chemical 
reaction with the metallic surface. 

The writer is indebted to the Graduate School 
of the University of Minnesota for financial 
support of this research, and to Mr. Richard 
Carlson for his able assistance with the labora- 


tory work. 
7v. Hevesy, Chemical Analysis by X-Rays and its 
A pplications, McGraw-Hill Book Company. 
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[he original work of Fox and Carr on the effect of piezo- 


elect vibrations of quartz crystals on the Laue patterns 


has been continued and extended to include tourmaline and 
Rochelle salt. The effect of different surface conditions on 
he Laue ; erns has also been studied. The results ob- 


tained for al ee types of crystals were similar, though 


the effects we onounced i lart Quart 5 


INTRODUCTION 


N 1931,' it was observed that the intensity of 

the Laue diffraction patterns of quartz was 
greatly increased when the crystal slip was 
oscillating piezoelectrically. Since that time, a 
number of investigators?-"' have studied various 
phases of the general problem of the reflection of 
x-rays from crystals subjected to mechanical or 
piezoelectric strain. The results reported here 
further contribute to an understanding of the 
relations between x-ray reflection, surface con- 
ditions, and piezoelectric oscillation in crystals. 


EXPERIMENTAI 


(1) The law of blackening 


The law of photographic blackening for the 
x-rays used in this experiment was determined 
in the usual way. The opacity of the spots was 
measured by the microphotometer and the den 
sity of each was calculated and plotted against 
the logarithm of the corresponding time. The 
blackening proved to be linear above a density 
of 0.3. 
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undoubtedly the best material for the study of x-ray 
extinction in piezoelectric crystals. The increased blacken 
ing of the spots in a Laue pattern resulting from piezo 
electric oscillation is explained as a consequence of de 
creased extinction brought about by the warping of the 


ittice planes during the vibration. 


2) The effect of piezoelectric oscillation on 
Laue patterns 


The increased blackening of the spots in a 
Laue pattern which results from piezoelectric os- 
cillation of a quartz specimen is very striking, 
but, for tourmaline and Rochelle salt, it is barely 
noticeable. The examination of a large number 
of corresponding pictures involving specimens of 
quartz, tourmaline and Rochelle salt, oscillating 
and nonoscillating, leads to the following obser- 
vations. 

(a) The pattern of the oscillating specimen is 
in every case uniformly increased in intensity 
over that of the nonoscillating specimen. 

b) Where the crystal slip is thick enough to 
show double spots, each spot of a pair appears 
to have the same intensity. Fig. 1 shows typical 
microphotometer traces of symmetrically located 
pairs of spots in the pattern produced by a Y-cut 
quartz plate. 

c) In every instance, individual spots in the 
Laue patterns are better resolved and sharper 


for the nonoscillating case. This applies to all 


‘ Ww 


| 1G. 1 Mic rophotom ‘ter traces ol doyble spots 
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Fic. 2. nonoscillating (A), 


Laue photographs of quartz 
oscillating B 


crystals studied: quartz, Rochelle salt, tourma 
line. The boundaries of the spots appear fuzzy 
and somewhat indistinct when the crystal is os 
cillating, and, for thick quartz specimens in 
which complete resolution of the double spots 
occurs when the plate is not oscillating, a slight 
additional darkening appears between the spots 
of a pair under conditions of oscillation 

d) A more ¢ omplete pattern results when the 
crystal is oscillating. This does not mean that 
any additional spots appear for the oscillating 
but that spots representing high orders 


ordinarily 


case 


which come 


require long exposures, 
out in a shorter time 

e) Acurious observation is that, when a speci 
men is oscillating, the central spot caused by the 
appears to be more 


undeviated primary beam 


intense. At least the image covers a larger area 
on the film than in cases where the specimen is 
not oscillating (Fig. 2). This has been observed 


for all the cry stals studied 


(3) The effect of amplitude of vibration on the 
pattern of the oscillating crystal 


In the preliminary investigation of Fox and 
Carr,' a change in the intensity of the Laue pat 
tern was observed when the piezoelectric ampli 
tude of oscillation of the diffracting crystal was 
altered. This was investigated more thoroughly 
through a series of exposures in which the input 
75 kv, 13 mils 


of exposure were constant but the d.c 


to the x-ray tube and the time 


voltage 


on the plate of the pliotron was changed 


( { Murdock Phys. Rev 45 117 1934 
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To insure uniform treatment, the exposures 


were all developed, and likewise fixed, simulta 
neously The opat ities ot certain corresponding 
spots in the patterns were determined by the 
mic rophotometer and the densities were plotted 
against the corresponding plate voltages. Fig. 3 
shows the data from a series of such exposures 
It may be observed that in all cases a maximum 
exists. Beyond the maximum, the amplitude of 
( rvstal Ost illation dec reases, probably bec ause ol 
partial short circuiting resulting from the high 


potentials developed across the cry stal 


4) The effect of etching the crystals 


For this problem, a plate of quartz and a plate 


of Rochelle salt were ground with No. 400 car 


borundum and Laue pictures were taken for each 


specimen under oscillating and nonoscillating 


conditions. The quartz plate was then etched 


for 48 hours in a three percent solution of hydro 


fuori at id and the Rox helle salt plate Was pla n d 


Laue pictures were then 


for a short time in water 
taken of the etched crvstals oscillating and non 


oscillating. The quartz plate was again etched 


Chis 


process ot etching and picture taking Was fre 


for the same period and pictures taken 


peated for the quartz until the total period 
—_ 


etching reached two weeks. Photomicrographs « 


the surface of the plate were made at intervals 
so that the smoothing process could be observed 


The results ol the stud, are as follows 


anv of the re 


a) Etching does not change 
tionships previously observed for the unetched 


quartz crystal 
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(b) In the case of Rochelle salt, the Laue pho- 
tographs of the etched crystal oscillating show 
slightly increased intensity and a more complete 
pattern with better spot resolution than do those 
for the unetched crystal oscillating. For the non- 
oscillating Rochelle salt crystal, the intensity of 
the pattern for the unetched crystal is greater 
than for the etched crystal. There is, however, 
better resolution of individual spots and the pat- 
tern is more complete for the etched crystal. 

(c) The effect of etching is more evident with 
quartz than with Rochelle salt. After the first 
period of etching, a great increase in intensitv of 
the Laue pattern of the oscillating crystal is evi- 
dent, and the pattern is more complete than that 
of the unetched oscillating crystal. Additional 
etching, however, results in no further increase 
but actually in a decrease of both the intensity 
and completeness of the patterns. The surfaces 
eventually become passive to further action of 
the acid. For nonoscillating quartz crystals, etch- 
ing appears to bring about decreased intensity of 
the Laue pattern and to cause first an increase 
and then a decrease in the completeness of the 
pattern. The resolution of the individual spots is 
better for the etched surfaces, though the first 
period of etching produces most of the effect. 

(d) Rochelle salt plates are so active that the 
effect of etching on their oscillating properties is 
not very apparent. The effect on quartz plates, 
however, is to increase considerably the strength 
of oscillation. Perhaps this treatment may find 
commercial application. 


DISCUSSION 


The unusual diffraction of x-rays by oscillating 
piezoelectric crystals seems to be intimately tied 
up with the phenomenon of x-ray extinction and 
a plausible explanation of the results herein 
stated may be given on this basis. 

By extinction is meant the unusually great 
absorption of particular frequencies in an x-ray 
beam of white radiation, the wavelengths and 
glancing angles of which are such that multiple 
reflections occur within each nearly perfect crys- 
tal fragment. The extent to which extinction 
occurs is dependent upon the size of the indi- 
vidual fragments. 

An ideally perfect crystal is one in which the 


atoms throughout its entire extent are accurately 
placed in accordance with the requirements of 
an undistorted lattice. In such a perfect crystal, 
there should be no reflection of a particular x-ray 
wavelength from a set of planes until the grazing 
angle approaches the particular value given by 
the Bragg law (m\= 2d sin @), at which the reflec- 
tion should be complete over an angular interval 
Aé, after which it again falls abruptly to zero. 
Quartz appears to approximate the conditions 
representing a perfect crystal. 

The inner parts of any crystal, provided it is 
homogeneous throughout, must be more regular 
than the surfaces where unbalanced forces be- 
tween the atoms of the lattice will produce dis- 
tortion. Just how much crystal should be in- 
cluded in the term “‘surface”’ is not entirely clear, 
but it seems reasonable to include all the outside 
region where unbalanced atomic forces are evi- 
dent. If a crystal is roughened with an abrasive, 
its surface is rendered more imperfect by virtue 
of the additional strains introduced. Under such 
conditions, the ‘‘surface’’ must extend deeper 
into the body of the crystal. If extinction occurs 
in quartz, one would expect little or no contribu- 
tion to the spots in the Laue pattern except from 
the surface region. The formation of double spots 
is in agreement with this point of view. As a 
beam of white radiation strikes the first surface 
of the crystal, it encounters a mosaic of small 
crystallites and in these occur the diffraction 
characteristic of the lattice. Because of the strains 
present in this region, small variations of the 
lattice constants and tilt of the atomic planes 
will exist so that the various d\’s selected from 
the incident beam are wider than would be the 
case under unstrained conditions. Proceeding 
into the crystal, the lattice becomes more regu- 
lar, until at a depth of a few thousand layers at 
the most, the “perfection” characteristic of the 
unstrained lattice is reached. The resolving power 
of the lattice depends on the degree of this ‘‘per- 
fection."’ In the ideal case, the width of the d\’s 
selected by this region would be extremely nar- 
row, though finite, and, for those fulfilling the 
Bragg conditions, complete reflections should 
occur. Thus, the higher the degree of the lattice 
perfection, the less x-ray energy will it be able 
to contribute to the Laue diffraction images. 
Even if the reflection should be complete for 
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certain wavelengths, the spectral intervals are 
so narrow that the actual energy contributions 
would be quite negligible. 

Under piezoelectric oscillation, a number of 
mechanical pressure waves travel through the 
crystal simultaneously and a standing wave pat- 
tern occurs. As a result, the effective spacing 
throughout the crystal will vary somewhat and 
the central part of the crystal which, under non- 
oscillating conditions, can reflect only a number 
of very narrow wavelength intervals, now is able 
to reflect wider ones and so can contribute con- 
siderably to the reflection. It seems evident that, 
because no additional spots appear on the pat- 
terns of oscillating crystals, the variation in 
grating constants must be small. The increased 
intensity of each spot in the Laue pattern thus 
results from a slight increase in the width of the 
dd representing that spot. The fact that the spots 
are always sharper in the patterns for the non- 
oscillating crystal bears out this idea. 

It is not at all evident why the area covered 
by the undeviated beam should be so much larger 
and apparently more intense for the oscillating 
cases. Perhaps increased scattering power results 
from the oscillation, though this is only con- 
jecture. 

On the basis of the foregoing, one would nat- 
urally expect increased amplitude of piezoelectric 
oscillation to bring about increased blackening. 
As the amplitude increases, the regularity of the 
lattice is further distorted and this results in re- 
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duced extinction so that each spot in the diffrac- 
tion pattern represents an increasingly wider d\ 
selected from the incident continuous x-ray spec- 
trum. The fact that, in neither tourmaline nor 
Rochelle salt is there any great increase in spot 
blackening with increased amplitude of oscilla- 
tion, indicates that, in these crystals, extinction 
does not play as important a role as in quartz. 
One might conclude that these crystals are not 
as ‘‘perfect”’ as quartz. 

Etching, by removing to some extent the irreg- 
ularities existing on the surfaces of crystals, tends 
to increase the extinction effects and so has an 
opposite effect from that of piezoelectric oscilla- 
tion. The great increase in spot blackening ob- 
served after the first period of etching of the 
quartz specimen can be attributed to the unusual 
increase in amplitude of oscillation resulting 
from such treatment. Since subsequent periods 
of etching produce no further increase in black- 
ening but actually a decrease, one can say that, 
after a certain time of etching, further treatment 
produces no further increased amplitude of oscil- 
lation but does have an important effect in de- 
creasing the random orientation of the surface, 
thereby increasing the effects of extinction and 
hence decreasing the intensity of the spots in the 
pattern. 

The writers are indebted to Professor J. V. 
Atanasoff of this department for a number of 


stimulating discussions of this paper. 
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The Interaction Between a Neutron and a Proton and the Structure of H’ 


L. H. THomas, Mendenhall Laboratory, Ohio State University 
(Received April 17, 1935) 


Suppose that the interaction between a neutron and a 
proton depends on their distance apart so as to be negligible 
above a certain small distance a, and yet is responsible for 
the mass defect of H*. Suppose further that the interaction 
between two neutrons and a proton may be compounded 


thus provides, on the above assumptions, a lower limit 
for a; and in particular rules out the possibility that the 
interaction may be regarded as arising from a singularity in 
configuration space. We conclude, in effect, that: either 
two neutrons repel one another by an amount not negligible 














in the usual way from that between a neutron and a compared with the attraction between a neutron and a 


proton, the interaction between two neutrons being proton; or that the wave function cannot be symmetrical 


neglected, while there is no prohibition of a wave function in their positions; or else that the interaction between a 
symmetrical in the positions of two neutrons. Then it is neutron and a proton is not confined within a relative 
shown that the mass defect of H* is made arbitrarily large distance very small compared with 10~" em', 


by taking a small enough. The observed mass defect of H# 


THe EQuaTtion ASSUMED FOR A NEUTRON AND A PROTON 


UPPOSE that the positional part ¥(r, tr.) of a wave function for a neutron (at rm) and a proton 


(at r,) satisfies the equation 
— (h?/82?m) (9 PW+92"0} + Vir) — Ey =, (1) 


where the effective potential energy V(r), depending only on the distance apart, fy, of the two 


particles, is such that 
Vir)<0, r<a; Vir)=0, r>a. (2) 


Suppose that Eq. (1) has a solution of the form 


¥=¢(rie), E=E,<0, (3) 
such that (a) 4nfo ¢(r)*r'dr=1, (4) 
so that g(r) = Ae’ /r, (5) 
where (h?/4x?2m)d\?* = — Eo, (6) 
and 42A*e7**/2X<1; (7) 
and (b) 4x fo*(de/dr)*r’dr <K/a. (8) 


In the above, h is to be taken to be the usual Planck’s constant, m the proton mass or the neutron 
mass, and EF, the energy of the normal state of a deuteron. 

Assumption (b) is probably not necessary for the result that will be obtained, but is necessary 
for the proof that will be given. It is true if V(r) and ¢(r) are everywhere finite, and remains true, 
K approaching a limit, if we suppose that, Ey remaining unaltered, a tends to zero while V(r) ap- 
proaches a definite form, 


1.€., V(r) ~a-*f(r/a). (9) 
The modifications required in the proof when the potential energy V(r) is replaced by a singularity 
of ¥ in the configuration space as r—0 will be considered later. 


' Such a lower limit to a cannot be deduced from the observations of neutron-proton scattering until these are known 
more accurately. (See E. Wigner, Zeits. f. Physik 83, 253 (1933 
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THE EQUATION ASSUMED FOR Two NEUTRONS AND A PROTON 


Suppose that the positional part (ri, tf, r3) of a wave function for two neutrons (at r, and fe) 
and a proton (at rs), symmetrical in the positions of the two neutrons, satisfies the equation 


— (h?/8x?m) (9204+ 9290+ 9370} + Viris)¥+ Vires)W —Ey =0, (10) 


where V(r3) and V(re3) represent the effective potential energies of interaction of the neutrons and 


the proton, depending only on their distances apart r;; and re3, and are of the form 2 above: the 


interaction between two neutrons is neglected, but it cannot affect the result that will be obtained 
unless it gives rise to a repulsion of the same order of magnitude as the attraction between a neutron 


and a proton. 
If y=y(Si, 82), where Si=fi—fs, Se=f2—Ts (11) 


(10) becomes 
—(h?/4x*m) (9 PV+(91- V2) 0 +020} + Visi)¥+ Vise) ¥—Ey=0 (12) 

and the algebraically least value FE, of E£, if it exists, for which a continuous differentiable function 

¥(Si, S2:) can be found to satisfy (12), must obey the inequality 

SILPA/4w m) | (iv)? + (9h Ved) + (0 2)?} + Visi W? + V(s2) Yb? Mordor 


’ (13) 


Ei< 


where y is any continuous function of s; and Se, differentiable almost everywhere, for which the 
integrals exist, dy, and dv, being volume elements in s; and Ss: space. 


THE CHOICE OF A FUNCTION 


Put s?=(4/3)(s,?—(s,-se)+58,"), 


tan 6,=3's,/!s,;— 2s], tan 62=3's2/|se—2s;!. (14) 
1 r/2—0, nr/2—6¢ 
Then ¥ =—Ko(us)} -— +- -—- (15) 
s* sin 6, cos 6; sin @2 cos 6 


satisfies the equation 
Viv+(91-V.v+Vev=n'y, (16) 


where Ky is Macdonald's Bessel function of order zero.” 


For if S,;=Uu, S$, +2s,.=3'v, (17) 
then Vidt+ (Fi V2¥t+V2V=FT.0+9.¥, 
and if u=s sin 4, v=s cos 6, 
0*y 2 oy ey 2 oy a*y 5 oy (cot 6,;—tan @,) dy 1 O*y 
then -—+-—+ + = + +2 +-— , 
Ou® udu dv vd <as* s ds s? 06, s* 06;* 
dj A+Bée 1 d*s A+Bé 4(A+Bé 
while 2(cot @—tan @) + —|=— : 
déLsin 6 cos 6 dé*Lsin 6 cos 6 sin 6 cos @ 
d* { Ko(us) 5 df Kolus) 47 Ko(us) K o(us) 
and - + 4 =p" 
ds* s? s ds s* s* s? s? 








* Watson, Theory of Bessel Functions, p. 78 
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From the function given by (15) we build up one continuous, and differentiable almost everywhere, 
as follows: Let 1>a. 


In region (i), s>/, s sin 6,;><a, s sin 6,>a, let 


1 rT 2-40, T 2—62 
¥(81, 82) =—Keolas)| fp | (18) 


s? sin 6, cos 6; sin 62 cos 62 


in region (ii) s>/, s sin 6,;<a, s sin 6,><a, let 


1 Tr 2—02 2n 
(Si, Ss) =—Ko(us)| C(s)¢(s sin 1) — | (19) 
s? sin 6, cos 6, 3! 


in region (iii), s>/, s sin @;><a, s sin 6.<a, let 


1 us 2-6, 2r 
¥(S1, S:) = Ko(us| - = om +C(s)o(s sin 0) | (20) 
s? sin @,cos 6, 3! 
e>* w#/2—sin-'\(a/s) 2” «ws Qe 
where C(s)A = + =—+—~—1+(0(a/s), a<s, (21) 
a a/s(1—a?/s?)i 31 2a 3 


and ¢ is given by (3); in region (iv), s</, let 


s sl l 
V(61, 52) =-v( Si, s:), (22) 
5 A) 


In the sequel y will stand for the function given by (18), (19), (20) and (22). 


THE BOUND FOR THE ENERGY 
As a/l—0 and ul—0, 


| 1 
f [ vedoxde, ff “ Ko MS 
“ ts 


a convergent integral of which the value lies between twice and four times 


1 r/2—80; \° 3! ” atl? ag . 3! 1 x 
[ i Ko(us } dv,dve= 16x? | s}|Ko(us) |*ds } —6@} d6@=—16x* ~ (24) 
« « — )3 al 2 23 2y* 24 


sin #; COS 6, | ~ “oOo 0 


T ? — 6; Tv 2 — Bs | 
*dv,dve=G, say, (23) 


4 





sin 6, cos 6; sin 62 cos 42 


i.e., between 3!x'/4u? and 3'r*/2y?*. Let 
4x*m ; 
= f fl icvw "+ (FT iv Fah) + (Fah) *j + he i Vis? + Vis: v1 feo 
a 2 
=J4+liytlantlaw, (25) 


where the integration is extended through region (i) in /;;), and so on. 
In region (i), V(s;)=0 and V(s,)=0 by (2), and, in virtue of (16), 


+(e (400 +0e}) [dS— ww SSH dodo: 


Ly =S {ie [Wid +3 av 
=JintJ iintt an —wwf [Hdordrs, 


11 - 


(26) 
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where the surface integral is extended over the boundary between (i) and (ii) in J;;), between (i) 
and (iii) in J¢j;), and between (i) and (iv) in J;j,). 1; and kl are the direction cosines in the directions 
$; and Ss, of the normal to the five-dimensional boundary region outward from (i). 

The volume integral in (26) gives in the limit the term —,°G. 

The surface integral J,;;) reduces to 

_ ffsy Si Vi Viv t+ 302} \dwidry’, 

where the inner integral is taken over all solid angle in s; space for s;=a and s;=s,'+ 4s, and then 
the outer integration over Ss,’ space for 53’ > 3(f—a®). Now as s;/s2:—0, so that s;~s4;, 


v= (1/s*)Ko(us)[ e/20;—1+227/3!+0(6,)] and (si): {Wiv¥+4Vov}) = —(1/s2)Kol(ms [ar /20,+0(8, 
so that the inner integral becomes 
4nKo?(us)[ 2?/45°a + 2/2 {22/3!—1}1/s°+0(a s*) ] 


(terms of order 1/s* in the parenthesis arising from the difference between s; and se’ vanishing on 
integration) and 
J iy = — f4rKo?(us)[ 2?/48°a + 2/2 {22/3'—1}1/s3+0(a/s*) ]dve, 27) | 
i 2 . on, Eee ee Se, / 8% 
integrated over S2 space for s= 2s,/3!>1. 
The volume-integral J ;;;) reduces, in like manner, first to 


SILC 1¢(51))? + (42? /h?) V(s1) e?(51) Jdvy { (1/5?) K o(us) C(s) | ?201+0(a2/s? ]dv2, 


where the inner integral is over s; space for s;<a, and the outer over S: space for s=2s,/3!>1; 
(V(s2) vanishing in this region, and terms arising from (¥V\yW-Vev) and ¥.*¥, as well as from the 
term (2/2—62)/sin 42 cos 62—(22/3')(—>0) in the expression for ¥, of order a/s compared with terms 





retained, vanishing on integration over s; space, leaving only terms of order a?/s?). Now, from (1), 
(3) and (5), 


n<aJ L(Wi¢(s;))? + (49*m/h*)| V(s1)—Eole $,)* dv, = $1 at (S1- V1¢(si1)) o(S1) Sida 
= t7A*}1/a+Ale~**, 


The term involving Eo, \*.,<a,f ¢(si)*dm, tends to zero by (4) and (6), and, with the expression for 
C(s), (21), 





ii = f4rKo?(us [ x? $s°a + (9? /457)X+2(7/2)(227/3!—1)+O0(a/s4 ldv2, 28 


integrated over S2 space for s= 2s,/3!>1. 
From (27) and (28), 
LintJ ui = — i f4aKo?(us) | (x? 4s*)X+ 97/2(2e 3! —1)(1/s*)+0(a s') |dve 


= — 1697(3!/2*) f° Ko?(us) { e*A+ 2/2s(22/3!—1)+0(a/s*) ds 


= — 1677(3!/2%)(9/2)(27/3'—1) log wl *{1+0(1/ | log wl) )+0(a/1) } 29 

as a/l—0 and ul—0, since 
Ko(us)=—- | log 5 us +y{}j}1+O(us)} as ps0. 30 
lin t+ J Gin = Tiny +I iv. 31 


The surface integral J;;,) over part of the five-dimensional surface s=/ gives in the limit a similar 


integral to that for G (23), —s°(1/s*)Ko(us)(0/ds)(1/s*)Ko(us) replacing fo°sKo(us)ds, so that 
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J ivy =0(|log wl|*) as pl-0. (32) 


The volume integral /;;,) consists of terms in V(s,) and V(s;) that are always negative and the 
volume integral throughout the six-dimensional region inside the surface s=/ of (in terms of the 
coordinates u and v of 17), (Vu(s/J)c.nr))?+(¥ -(S/Dvuey)*, which reduces to the surface integral 


over s=/ of 
L/6\W?/P+ (9.0)? + (9.0)? — (dv/ds)*}, 


which, in virtue of (8) and (30), is of order K(l/a) | log wl|*. Thus 
I iv) <OCK (1/a) | log yl} *). (33) 
Thus, combining (25), (26), (29), (31), (32) and (33), 


T=1i; + Lj tL ii + Tiivy < (Sin HL Gi + (SJ iin t L iii \+J iv + Tiivy 
< —3247(3'x/252)(27/3!—1) |log wl|*{1+0(K/(a/?) |log wl! )+O0(a/I)} (34) 


and from (34), (13), (6) and (24), 


FE, 24(2r/3!—1) p? K 
> log pl |* 1+0( ) +0( l)}. (35) 
Eo x r? (a/l) |log pl 


Now put /=a/e, u=(1/a)ee™'/**, where € is chosen so that « and Ké are small, and we obtain 
E,/Eo>(1-6/a*d*)e~?/*" / K%e4{1+0(e)}. (36) 


In order to obtain a numerical result from this it would be necessary first to take a value for K. 
If V(r) is of the form given by (9) and (2), this can be done. Secondly it would be necessary to 
know how small ¢ must be taken, which would involve estimates of a number of complicated integrals. 
For the observed ratio £,/E)=4, a lower bound of a as a definite fraction of 1/A, =A/2x(mE,)! 
=~ 6-10~'’ cm would be obtained. The value so obtained would be a rather poor one, for there is no 
reason why the function ¥ chosen should (if aX is not very small) be at all a good approximation 
to the solution of (12); moreover the introduction of K into (36) came from J;j,) in which negative 
terms in V(rj3) and V(re3) were left out; if these could be taken into account, and if » were chosen 
suitably in region (iv), this could probably be avoided. 

However, it is seen that a cannot be very smali compared with 10-" cm. A closer limit could 
perhaps best be obtained by numerical approximation to E, for particular forms of V(r). 


THE ASSUMPTIONS WHEN THE POTENTIAL ENERGY IS REPLACED BY A SINGULARITY® 


Suppose that the positional part ¥(r, m2) of a wave function for a neutron (at rm) and a proton 
(at r,) satisfies the equation 


— (h?/8x?m){¥,20¥+ 9.220} —Ev=0 (37) 
but is not continuous at r~2=90, satisfying, however, the boundary condition 


¥(t,, f2)—A(1/ry2—A)—0 3 as ry 0. (38) 


(37) has a solution of the form 


v=¢(riz), E=E,<0, (39) 


7] owe to Professor E. Wigner the remark that this case does not immediately follow from the above, as the integral 
I does not converge. . 
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such that 4afo o(r)*r*dr=1, (40) 
viz. g(r) =Ae*/r, (41) 
where (h?/42*m)d\? = — Ey (42) 
and 47A*=2h. (43) 


Suppose that the positional part (1, tf, r3) of a wave function for two neutrons (at mr, and fp) 
and a proton at (r;), symmetrical in the positions of the two neutrons, satisfies the equation 


— (h?/82x*m) (Vi°V+¥20+93°¥} —Ey=0 (44) 
but is not continuous as 7,,.—0 or re3—0, although functions f(r, r3) and f(fe, r3) exist such that 
¥(f1, To, T3) — f(r, r;) }1 Yes —A}—0 as fe3- 0) for fixed r; 


and ; (45) 
¥(T), re, r;)—f( To, T3) ‘1 fis —Al- 0 as T13 0 for fixed Te 


(while if A(rs) exists such that 
¥(T, Te, r;)—A(rs)(1 fo3—XA)(1 113—A) 0 as (713, 723) »(0, 0), (46) 


no boundary condition at (r3, 723) = (0, 0) would be violated : another requirement at (13, 723) = (0, 0) 
would correspond to the limit of an equation of type (10) with potential energy V(r, fe, rs) not of 
the form V(ri2)+ V(ris)); as before, interaction between the two neutrons is neglected. 


If v= y7(Si, Se), where S,;=9Fr,—Ts, Se=f2—T; (47) 


(44) becomes — (h?/42?m) (9 1°0+(91-V2)¥+92*¥} —Evy=0, (48) 
subject to the condition that f(s,) exists such that 


¥(S:, S:)—f(S:)(1/se—A) 0 as s,—0, | 
(49) 


¥(S1, S:)—f(S2)(1/si—-A) 0 as 5,0 
(while if A exists such that 
¥(S;, S2) —A(1/se—A)(1/si— A) 0 ass (8), S2)—>(0, 0), 
no boundary condition at (5), s2)= (0,0) would be violated). 


The algebraically least value E, of E£, if it exists, for which a continuous twice differentiable 
function (Ss), S2) can be found to satisfy (48) and (49) must obey the inequality 


Ey, <(h?/4x?m) ff (este t+ (01: V2) Wt 022 | pdoidee/ f fy2duidve (50) 


where y is any continuous differentiable function of s; and s:, twice differentiable almost everywhere, 
except as s,—0 and s;—0, where it must satisfy (49). A form like (13) cannot be used here because 
the integral does not converge. 


UNDER THE SINGULARITY ASSUMPTION THERE IS NO ALGEBRAICALLY LEAST ENERGY 


As we wish to use the same function ¥(s;, S:) as above, except that g(r) is now to be given by 
(41) everywhere, which is not differentiable at s=/, r,=a, and r,=a, (50) must be modified to take 
account of this: to the volume integral in the numerator must be added the difference of surface 
integrals 


‘thie [Viv +30 ev} )+ (le: [408 +9 e¥}) | ydS 51) 


lis 
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over all five-dimensional surfaces of discontinuity of the first derivatives of y, 1, and l, being the 
direction cosines in the directions s; and s; of the normal to the five-dimensional boundary region 
from region 1 to region 2. A function with continuous first derivatives and near y will have a value 
for (50) nearly equal to that for ¥ with this addition. 

We can now write (50) in the form 


E,<(h? 4x*m) (La tli tly tli +S in +S Gin) HI iw) } ‘Sf W*dodv, (52) 


where J;;), ci), Zciiy, and Ty), are the values of the volume integral extended over the regions 
(i), (ii), (iii) and (iv), and Ji), Jqiiy and Jc), are the values of the surface integral (51) over the 


regions $;=a, Ss:=a, and s=1. 


By (16), I =0. (53) 


Iii) can be expressed as in (28) as an integration over s; space followed by one over Ss; space. 
Terms of order 1/s,* and 1/s,; which would make the inner integral diverge do not occur, on account 
of (41), and the terms that remain give rise to terms of order a// in the result compared to the 
principal terms from J ;ij). 

The two integrals in J,;;) now combine like (27) and (28) to give (as before) 


Ly +I iy = — 16 2(39 we / 292) (22 /34—1) | log wl) *{1+0(1/ | log wl|)+0(a/2)}, (54) 
while liin t+ J Gin = Lan t+J civ. (55) 


The integral over the side s>/ of s=/ in J;i,) is as before, (32). The integral over the side s</ 
of s=/ reduces to the integral of ¥// over s=/, and so gives a result of order |log yl|?. 
The volume integral J,;,) reduces (in terms of u and v of (17)) to the surface integral over s=/ of 


yl { 2(y/P —dyp/las) + }(dy/las+ {¥.2¥+9 .°*¥ —0*y/ds*}) }. (56) 


The terms in (33) which required (8) now do not occur, terms in ¥,*¥+¥,*¥ that would make the 
integral diverge not occurring on account of (41), and no term gives a result larger than of order 


‘log wl |*: ie., 
Div + Jiiy) =0( log pl *). (57) 


Thus, combining (53), (54), (55) and (57), with (50), (42) and (24), 


E, 24(22/3!—1) p? 1 a 
— >——___—_—- — log al {1+0(- —)+0(-)| (58) 
? 


Eo Tr log pl 


where we may let u« have any value, u/—0, and a//—0, so that EF; cannot exist. 

My thanks are due to Professor Uhlenbeck for suggesting this problem to me and to Professor 
Wigner for helpful discussion.‘ 

Note added in proof: No change is made in the above argument if the force assumed between a 
neutron and a proton is of Majorana® type, for the wave function used is symmetrical in their 
positions wherever the potential energy differs from zero. 


‘Some remarks on the H? problem may be found in E. Wigner, Phys. Rev. 43, 252 (1933). 
* Majorana, Zeits. f. Physik 82, 137 (1932). 
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The Energy Spectrum of the Neutrons from the Disintegration of Beryllium 
by Deuterons* 


T. W. BonNER** AND W. M. BruBAKER, Kellogg Radiation Laboratory, California Institute of Technology 
(Received April 1, 1935) 


The energy distribution of the neutrons from the dis- 
integration of beryllium by high speed deuterons has been 
investigated by the method of recoil-protons in a high 
pressure cloud chamber. The maximum neutron energies 
which were observed correspond to an energy of disintegra- 
tion of 4.14 MEV. The mass of Be® calculated from these 


HE copious emission of neutrons from the 

bombardment of beryllium by high speed 
deuterons was first reported by Crane, Lauritsen 
and Soltan.' Indications of the energies of the 
neutrons produced in this disintegration have 
been obtained by Kurie,? Oliphant,’ and Bjerge 
and Westcott.‘ From the disintegrations pro- 
duced in nitrogen by the neutrons from beryllium 
which was bombarded with 2 M.E.\V. deuterons, 
Kurie has inferred that their maximum energy is 
about 10 M.E.V. On the other hand, the results 
of Oliphant,’ who used a helium-filled counting 
chamber and linear amplifier, suggest that there 
are not many neutrons with energies over 3 
M.E.V. The energy of the bombarding deuterons 
in the latter experiment was only 0.3 M.E.V., 
but there still remains a considerable discrepancy 
in the two results. Bjerge and Westcott* have 
found that the deuteron-beryllium neutrons do 
not induce radioactivity in fluorine and silicon 
as do the high energy neutrons from lithium + 
deuterons and beryllium + alpha-particles. This 
suggests that the deuteron-beryllium neutrons 
are of low energy. 

The purpose of the present experiment was to 
determine accurately the maximum energy of the 
deuteron-beryllium neutrons, and to study their 
energy distribution. This was done by measuring 
the ranges of the recoil-protons ejected from CH, 
in a high pressure cloud chamber, a method which 
has been described and used by Bonner and Mott- 


*A preliminary report of this work was given at the 
meeting of the American Physical Society, Los Angeles, 
poem 1934. Phys. Rev. 47, 254 (1935). 

** National Research Fellow. 

! Crane, Lauritsen and Soltan, Phys. Rev. 44, 692 (1933). 

?F. N. D. Kurie, Phys. Rev. 47, 97, 253A (1935). 

§ Oliphant, Int. Conf. of Physics, London, October, 1934. 

‘ Bjerge and Westcott, Nature 134, 177 (1934). 


data, assuming the reaction ,Be’+,H*~,B"+on', is 


9.0123+0.0008. Several other neutron groups of lower 
energies were observed which indicate that the B"™ nucleus 
is left in one of several possible excited states. The excited 
B™” nucleus presumably falls to the normal state by the 


emission of a y-ray. 


Smith.’ In a high pressure cloud chamber, it is 
possible to stop a recoil-proton of high energy in 
a comparatively short distance, so that the en- 
tire track lies within the chamber. 

The maximum energy of the neutrons cannot 
be determined definitely unless the velocity and 
mass of the recoil nucleus are known. Range- 
velocity curves are accurately known only for 
protons and a-particles. At present it is impos- 
sible without the aid of a very strong magnetic 
field to distinguish unambiguously between the 
tracks left in a cloud chamber by these two 
particles. Because of the water or alcohol vapor 
used in an expansion chamber, there are always 
hydrogen atoms present. Thus we cannot deter- 
mine the maximum energy of neutrons with a 
helium-filled chamber as the recoil H-particles 
have a longer range for the same energy. The 
above reasons force one to the use of recoil- 
protons for the cloud-chamber determinations 
of neutron energies. The presence of carbon or 
other atoms heavier than hydrogen does not 
interfere with this work, since such atoms have 
very much shorter ranges than recoil-protons of 


the same energ ¥. 


APPARATUS 


The automatic high pressure cloud chamber 
which was used in this experiment has been de- 
scribed previously.® It is 9 cm in diameter, and 
3 cm deep. In use, its center was placed 20 cm 
from the center of the beryllium target which had 
a radius of 2.5 cm. The arrangement was such 
that the neutrons which entered the chamber 


* Bonner and Mott-Smith, Phys. Rev. 46, 258 (1934) 
* Brubaker and Bonner, Rev. Sci. Inst. 6, 143 (1935). 
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made an angle of approximately 90° with the 
incident beam of deuterons on the target. The 
deuterons were accelerated by the Crane and 
Lauritsen apparatus, which was operated in 
such a manner that the deuterons struck the 
target for only a fraction of a second following 
the expansion. Thus no neutrons entered the 
chamber until it was expanded. The cloud 
chamber was filled with gas from a cylinder which 
contained 85.1 percent CH,, 13.5 percent C:H,g, 
and 1.4 percent No». The pressure of the gas in 
the chamber before and after expansion was read 
from an ordinary pressure gauge which had been 
calibrated hydraulically. The stopping power of 
the gas relative to air was computed from the 
known pressure and the relative amounts of the 
gases contained in the chamber. The stopping 
powers used there were those determined by 
Bragg, and were 0.86 for CH,, 1.52 for CsH¢, and 
0.99 for Ne. The stopping power of the alcohol 
vapor contained in the chamber was computed 
from data given by Phillipp.’ 


RESULTS 


Approximately 3000 sets of stereoscopic photo- 
graphs were taken when beryllium was bom- 
barded by 0.9 M.E.V. deuterons. On the photo- 
graphs, numerous recoil-protons were observed 
and the ranges of approximately 900 were meas- 
ured. Test runs were made in which the beryllium 
target was replaced by a brass one; less than 
1/1000 as many recoil-protons were observed. 
The effect of the small amount of proton con- 
tamination in the deuterons was examined by 
making a control run in which the bombarding 
ions were protons. The results indicated that the 
proton impurity in the deuteron gas could not 
have been responsible for more than 1/2000 of 
the observed neutrons. 

Three series of runs were made in this experi- 
ment, in which the expanded pressures in the 
chamber were 10.5, 7.20 and 5.85 atmospheres. 
The ranges of the protons were measured by 
reprojecting the photographs through the camera 
lens system in the usual manner. These lengths 
were converted into cm of air-equivalent range 
from the calculated stopping-power of the gas. 
The energies of the protons were then computed 


? K. Phillipp, Zeits. f. Physik 17, 23 (1923). 


from the range-velocity curve of Duncanson.* 

In an elastic head-on collision, a neutron gives 
all of its energy to a proton. If, however, the 
neutron-proton collision is not head-on, only a 
portion of the kinetic energy of the neutron will 
be transferred to the proton. In general, the 
energy given to the proton will be E,=£, cos* @ 
where E, is the energy of the proton, E, the 
energy of the neutron and @ the angle between 
the direction of motion of the incident neutron 
and the recoil-proton. Thus, to get the energy 
of the neutron from that of the proton, one 
must know the direction of the incident neu- 
tron. To assume that the neutron came directly 
from the source and to apply this equation 
would introduce serious error, because some neu- 
trons are scattered into the chamber. These 
produce a small number of high energy recoil- 
proton tracks, which are sometimes at large 
angles to a line drawn to the source. Obviously 
the application of the above equation to these 
tracks would give neutron energies which are too 
high. In this experiment, we have eliminated this 
difficulty by measuring only those tracks which 
made angles less than 8° with the lines drawn from 
the points of collision to the center of the target. 
A proton projected at 8° gets 98.1 percent of the 
neutron’s energy. However, because of the size 
of the source, some protons were measured which 
were projected at angles as large as 16° and so 
received only 92.4 percent of the neutron’s 
energy. Thus we should expect that a large pro- 
portion of the measured recoil-protons received 
between 98.1 and 100 percent of the neutron 
energies, and that a rapidly diminishing number 
received from 98.1 down to 92.4 percent. Of 
course, a small number of protons which ap- 
peared to be in this angular range (0-8°) were 
actually protons which had been projected at 
large angles by scattered neutrons. This number 
is probably quite small and is effective only in 
giving a low energy background or tail to the 
energy distribution curve. 

The curves given in Fig. 1 represent the energy 
distribution of the recoil-protons which have 
been measured in this manner. The three curves 
A, B and C refer to tracks obtained when the 
chamber was operated at expanded pressures of 


*W. E. Duncanson, Proc. Camb. Phil. Soc. 30, 102 
(1934). ° 
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Fic. 1. Energy-distribution curves of recoil-protons 
projected in the forward direction. Curves A, B, C include 
proton tracks which were obtained at expanded pressures of 
10.5, 5.85 and 7.20 atmospheres, respectively. The ordi- 
nates of points.on curve D are equal to the sum of the 
ordinates of curves A, B and C. 


10.5, 5.85 and 7.20 atmospheres, respectively. 
Curve D is the sum of these three curves. The 
four curves all give approximately the same 
maximum energy of the recoil-protons, and con- 
sequently the same maximum energy of 4.42 
+0.27 M.E.V. for the neutrons. Recoil-protons of 
higher energy would have been observed, if 
present, since the length of the highest energy 
group of tracks photographed was less than a 
third of the diameter of the chamber. 

The energy distribution curves show distinct 
maxima and minima which indicate that there 
are several energy groups. Essentially the same 
groups are indicated by the separate curves, al- 
though the heights of the peaks vary. Such varia- 
tions are probably caused by statistical fluctua- 
tions. The agreement of the positions of the 
maxima and minima on the curves obtained at 
different pressures leads us to believe that most 
of the groups indicated are real, and are not due 
to statistical fluctuations. 


THEORY OF RESULTS 
The neutrons in this experiment are attributed 
to the reaction 


«Be? + »H?—,B'’+ ont'. 


AND 





W. M. BRUBAKER 
The energy of the disintegration can be computed 
from the well-known relation, 


QO=4MV?—43M,V.2+(1/2M,) (MV? 
—2MM,VV, cos ¢+M,'7V;") (1) 


where Q is the energy of the disintegration, M the 
mass of the neutron, V the velocity of the neu- 
tron, M, the mass of the deuteron, V, the veloc- 
ity of the deuteron, @ the angle between the 
incident deuteron and the neutron, and M, the 
mass of the resulting nucleus (B® in the present 
case). In this experiment @ was 90°, so the rela- 
tion becomes 
Q=11EF/10—4E,/5, 

where E and E£, are the energies of the neutron 
and deuteron. 

With 4.42 M.E.V. as the energy of the neu- 
trons, the above formula gives 4.14 M.E.V. as 
the energy of disintegration. Corresponding to 
this value of Q, a neutron ejected in the forward 
direction has an energy of 4.93 M.E.V. If a few 
of the neutrons which were ejected at angles less 
than 90° were scattered into the chamber by the 
brass beneath the beryllium target, we should 
find a few recoil-protons which had energies be- 
tween 4.4 and 4.9 M.E.V. We attribute the small 
number of observed energies above 4.42 M.E.V. 
to such neutrons. 

For a given energy of disintegration, all the 
neutrons emitted at a 90° angle do not have 
exactly the same energy. This is due to the fact 
that deuterons of all energies up to 0.9 M.E.V. 
produce disintegrations. However, the excitation 
curve of Crane, Lauritsen and Soltan' shows that 
the efficiency of disintegration increases very 
rapidly with deuteron energy, so that the number 
of neutrons produced by 0.8 M.E.V. deuterons 
is only about half that produced by 0.9 M.E.V. 
deuterons. Since at 90° E, = 100/11+8£,/11, we 
see that the change in energy of the neutron is 
only 8/11 that of the deuteron. Thus, we should 
expect to get a neutron line with a half-width of 
about 0.07 M.E.V. 

The other neutron groups indicated by 
curves of Fig. 1 probably correspond to cases 


the 


where the entire energy of the reaction does not 
go into the kinetic energy of the neutron and 
recoil nucleus. The B'® nucleus may be left in an 
excited state and then fall to the normal state 
with the emission of a y-ray. The energies of dis- 
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integration (in M.E.V.) calculated from the 
various neutron groups are Qo= 4.14, Q,=3.89, 
Q02= 3.48, Q3 = 3.25, 04 = 3.00, Q;= 2.51, Os = 2.14, 
Q;=1.93, Qs=1.73, Qe=1.39, Qiw=1.19 and 
Qi::=0.82. The maximum difference in the Q’s 
might be expected to correspond to the highest 
energy y-ray emitted by the excited B'® nucleus. 
This value of 3.32 M.E.V. is in good agreement 
with the maximum energy of the y-rays found in 
cloud chamber experiments by Crane, Delsasso, 
Fowler and Lauritsen.’ We might also expect two 
intense y-ray lines with energies equal to 
Qo— O02 = 0.66, and Qo—Q;=0.89, which together 
probably correspond to the 0.8 M.E.V. y-ray 
line they have reported. Another intense y-ray 
line Qo—Qs= 2.41 seems to correspond to their 
y-ray line of 2.50 M.E.V. 

It is seen that the neutron energy spectrum is 
considerably more complex than the y-ray 
spectrum which supposedly arises from the same 
reaction. This is probably due to a difference in 
the resolving power of the two methods, more 
than one line being included in a single hump in 
the y-ray spectrum. Exact correlation between 
the two spectra is therefore not possible. 

The energy of the disintegration calculated 
from the masses of the isotopes ,Be*=9.0155, 
H? = 2.0136, B'®= 10.0135, and m'= 1.0080 is 7.1 
M.E.V. which differs by 3 M.E.V. from our ex- 
perimental value of 4.14 M.E.V. The limit of 





error in this experiment is much smaller than this 
difference. Assuming a maximum uncertainty in 
the stopping power of the gas in the cloud cham- 
ber of as much as 10 percent, the uncertainty in 
the maximum energy of the neutrons is only 0.27 
M.E.V. The possibility that this 3 M.E.V. of 
energy is always given off as a y-ray seems very 
unlikely on the basis of the known y-ray spec- 
trum. If this were the case, we should expect to 
find an intense y-ray with an energy of 3 M.E.V. 
and also y-rays with energies up to 6.32 M.E.V. 
On the basis of the neutron energy spectrum 
there should be at least 11 possible transitions 
giving y-ray energies between 3 and 6.32 M.E.V. 
It would be strange if none of these were per- 
mitted. Crane, Delsasso, Fowler and Lauritsen 
find only a y-ray with an energy of 3.3 and 
possibly a weak one at 4.0 M.E.V. and no y-rays 
with an energy greater than this. 

Thus it seems as if at least one of the masses 
listed above is in error. It appears most likely that 
this error is in the mass of Be’®, as there is con- 
siderable evidence from other disintegrations 
that its mass should be lower by approximately 
3.0 M.E.V. A number of the disintegrations 
which give a lower mass for Be* have been pointed 
out by Kirchner and Neuert,'® Ridenour, Shino- 
hara and Yost," and Crane and Lauritsen.” 

A summary of the disintegrations and the 
computed mass of Be’® is given below. 


«Be®+ ,H'—,Li*+.Het (Kirchner and Neuert—Be* = 9.0110+0.0006), (2) 
,«Be® + hy—2,He*t+ on! (Ridenour, Shinohara and Yost—Be* = 9.0114+0.0011), (3) 
3Li®+ -Het—,B* + on'—,Be® + e+ + on' (Meitner—Be® = 9.0110+0.0006), (4) 
«Be®+ ,H'—>2,Het+ ,H? (Oliphant—Be® = 9.0110), (5) 
«Be®+ ,H*—,Be'’+H! (Crane and Lauritsen—Be*® = 9.0125), (6) 
,«Be®+ ,H?—,B'"+ on' (Bonner and Brubaker—Be’® = 9.0123 +0.0008). (7) 


There seems to be a considerable body of evi- 
dence which indicates that the mass of beryllium 
should be between three and four million volts 
lower than Bainbridge’s value of 9.0155. This 
would just make Be’ stable against disintegration 
into two a-particles and a neutron.” 





* Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 47, 
782 (1935). 

1 Kirchner and Neuert, Physik. Zeits. 36, 54 (1935). 

' Ridenour, Shinohara and Yost, Phys. Rev. 47, 318 
(1935). 

2 Crane and Lauritsen, Phys. Rev. 47, 420 (1935). 

‘3 Note added in proof: If we use a revised set of isotopic 
masses as recently suggested by Oliphant and Rutherford, 





We wish to thank Dr. C. C. Lauritsen and Dr. 
H. R. Crane for the use of the high potential 
apparatus, and for valuable suggestions made 
during the course of this experiment. We are in- 
debted to the Seeley W. Mudd fund for the finan- 
cial support of this work. 

Bethe and Aston, we get a different computed mass of 
beryllium. If we use the masses given by Bethe we get the 
following consistent set of masses for ,Be* from the above 
reactions (2) 9.0139, (3) 9.0143, (4) 9.0133, (5) 9.0137, 
(6) 9.0133, (7) 9.0133. Beryllium then will be stable by 1.5 


M.E.V. against disintegration into two alpha-particles and 
a neutron. 
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On the Absorption of Acetylene and Di-Deutero-Acetylene in the 
Photographic Infrared 


CHARLES A. BRADLEY, JR.* AND ANDREW McKELLAR,* George Eastman Research Laboratory of Physics, 
Massachusetts Institute of Technology 


(Received May 2, 1935) 


Using an absorbing column 9 meters long of over 90 percent pure C,D, at a pressure of 85 cm, 


we observed no absorption bands in the region 7000 to 11,500A. This lack of absorption is dis- 
cussed. A new absorption band of C,H, is found with origin at 7859A when an absorbing 


column 7.5 meters long at 90 cm pressure is used. The possible vibrational transitions giving 


rise to this band are discussed. 


spectrum of 


LTHOUGH 


acetylene! in the photographic infrared has 


the absorption 


been studied extensively, its interpretation is 
still in doubt. A careful study of the absorption 
spectrum of the “heavy” acetylenes, C,HD and 
C,De, in conjunction with the results for C,H. 
should result in the correct interpretation of the 
spectra and also yield unique values for C—C 
and C—H and C—D distances. 

The absorption of ‘“‘heavy”’ acetylene has been 
examined by Randall and Barker’ in the far 
infrared and by Herzberg, Patat and Spinks*® 
and by the authors‘ in the photographic infrared. 
In the two latter cases only bands due to the 
mono-deutero-acetylene, C.HD, were observed. 
Since no quantitative analyses of the relative 
abundance of C-HD and C.D. were made in 
these cases, the effective lengths of the absorbing 
columns of the gases are not accurately known. 

On the basis of the dependence of vibrational 
frequency upon mass as enunciated in the theory 
of the effect of isotopy on the structure of band 


* National Research Fellow. 

'Levin and Meyer, J. Opt. Soc. Am. 16, 137 (1928); 
Hedfeld and Mecke, Zeits. f. Physik 64, 151 (1930); 
Childs and Mecke, Zeits. f. Physik 64, 162 (1930); Mecke, 
Zeits. f. Physik 64, 173 (1930); Hedfeld and Lueg, Zeits. 
f. Physik 77, 446 (1932) ; Lochte-Holtgreven and Eastwood, 
Zeits. f. Physik 79, 450 (1932); Mecke, Zeits. f. physik. 
Chemie B17, 1 (1932); Sutherland, Phys. Rev. 43, 883 
(1933); Herzberg and Spinks, Zeits. f. Physik 91, 386 
(1934). 

? Randall and Barker, Phys. Rev. 45, 

* Herzberg, Patat and Spinks, Zeits. f. 
(1934); Nature 133, 951 (1934). 

* McKellar and Bradley, Phys. Rev. 46, 236, 664 (1934). 

* It should be pointed out that the two bands ascribed 
to C,D, in the recent paper Hydrogen Isotope of Atomic 
Weight Two by H. C. Urey and G. K. Teal (Rev. Mod. 
Phys. 7, 87 (1935)) are the 10,370A and 10,167A bands 
of C,H». This error is undoubtedly due to a misinterpreta- 
tion of a table in the article of Herzberg, Patat and Spinks 
(Nature 133, 951 (1934)). 


124 (1934). 
Physik 92, 87 


spectra, the vibrational frequencies for C2:De 
were calculated. The expressions derived by 
Mecke! and Olson and Kramers*® were used in 
the computation. From the frequencies so ob- 
tained, it was found that the bands »;+ 2+, 
33+ ry v3+3ve using the notation and 
assignments given by Sutherland! (we obtain 


and 


sensibly the same results from the assignments 
of Herzberg and Spinks) should occur at the 
wavelengths 11,100, 11,200 10,250A, re- 
spectively. In these calculations the anharmonic 


and 


terms were considered equal to those found for 
CsHg. In all likelihood these terms are smaller in 
absolute value for the heavier molecule. There- 
fore since for C;H, the anharmonic constants are 
negative, the above given wavelengths are to 
be considered as the which the 
respective bands would be expected to occur. 


longest at 


These calculations are in close agreement with 
the recent work of Colby’ who has calculated 
the vibrational frequencies for the heavy acety- 


lenes. 


EXPERIMENTAL 


Through the kindness of Professors H. ( 
Urey and J. E. Zanetti, of Columbia University, 
we were able to obtain 9 grams of 100 percent 
pure D,O and some special CaC; for the prepara- 
tion of the C,D,.. The CaC, was prepared with a 
slight excess of carbon to eliminate the possibility 
of containing free line. Extreme precautions were 
taken in the handling of the carbide to eliminate 
any contamination by reaction with atmospheric 
received in a sealed 


water. The carbide was 


® Olson and Kramers, J. Am. Chem. Soc. 54, 136 (1932). 
’ Colby, Phys. Rev. 47, 388 (1935). 
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bottle and only exposed to the air while being 
transferred to the reaction flask. The D,O was 
opened in vacuum and distilled into the dropping 
funnel of the acetylene generating apparatus. 
The C.D. was prepared by allowing the D,O to 
drop slowly upon the CaC,. The gas was dried 
by passing through a trap cooled with solid CO; 
from there it passed directly into the absorption 
cells. Previous to the generation of the C,;D, the 
whole generating apparatus and the absorption 
cells were evacuated thoroughly (to a pressure 
of 10-* mm) and flamed. 

The absorption cells were two lengths of 
Pyrex tubing, one 7.5 meters long, the other 1.5 
meters long, and 20 mm in diameter. The tubes 
were mounted in the shape of an L. 

The positive crater of the carbon arc served as 
a light source. The beam was collimated by a 
quartz lens, passed through the long cell, was 
reflected by an aluminum mirror through the 
short cell and a red filter which cut off light of 
wavelength less than 6300A, and was focused 
upon the slit of a 21-foot, 15,000 lines per inch 
concave grating. 

First, by using a glass prism spectrograph, 
plates were taken from the visible region up to 
about 10,500A. No absorption bands appeared 
on these photographs. Then through this 9-meter 
path of C,D». exposures were taken on the grating 
from 8900A to 11,500A. No bands whatsoever 
were observed. The exposure times were up to 
18 hours. Eastman 1P and 1Q plates and also 
those with the new 1Z type emulsion were used. 
These last-mentioned plates possess a maximum 
sensitivity at 10,900A and a sensitivity range 
from 7500A to 11,800A. All the plates were 
supersensitized with ammonia. With only the 
1.5-meter cell of C:;Ds. as the absorbing column, 
exposures of four hours gave good blackening up 
to 12,500A. Under these conditions again no 
bands were observed. 

Inasmuch as the absorbing column we used 
was more than twice as long as we considered 
necessary to observe the bands we have men- 
tioned above, and in particular the C,D,. analog 
of the 7887A band of C:Hg, this lack of absorption 
was somewhat surprising. Observation of the 
fundamental bands in the far infrared offers a 
means of testing the purity of the gas, for in the 
region of the », fundamental band (184) the 


“heavy” acetylenes absorb very strongly. Ac- 
cordingly a small sample of our gas was taken 
from the cells and sent to Professor E. F. Barker 
who had very kindly offered to test it for us. 
He has informed us that the gas was well over 
90 percent C;D,. Besides the C.D, fundamental 
he observed much more faintly the one due to 
C.HD. Additional proof of the scarcity of C;,HD 
and C;H, in our tube is given by our failure to 
detect any trace of the very strong absorption 
bands due to these molecules at 10,302A and 
10,370A, respectively. Further evidence as to 
the purity of our gas was obtained when some 
of the heavy acetylene was taken from the cells 
and excited in a hollow cathode discharge tube 
at a pressure of about one millimeter. The 
spectrum of the discharge was photographed in 
the first order of the Institute’s 10-meter 30,000 
lines per inch concave grating. The atomic lines 
of deuterium and also the bands due to the CD 
molecule with heads at 4307A and 3867A were 
observed without any trace whatsoever of the 
atomic lines of hydrogen or the CH bands at 
4315A and 3872A. The analysis of the CD bands 
as well as intensity measurements in the 4315A 
CH band are now in progress. 

It was decided to rephotograph the bands in 
the absorption spectrum of C,H, at 7887, 10,167 
and 10,370A in order to test our experimental 
arrangement. The 7.5-meter cell was filled with 
C,H, at 90 cm pressure. The above-mentioned 
bands were easily observed. 

This lack of absorption indicates a considerable 
difference in behavior between C,;D, compared 
to C:H; and C.HD. In a previous experiment‘ 
we observed at 10,302A a band due to C,HD. 
It could be photographed with a 1.5-meter tube 
which contained also some C,H, and considerable 
C.D, so the path length required was only of the 
order of one meter or less of C;HD. Herzberg, 
Patat and Spinks* observed no bands due to 
C.D, in this region of the spectrum and four due 
to C;HD. It is to be noted that in the Raman 
spectrum of C,D, while lines corresponding both 
to », and » have been observed, the latter one 
only appears on prolonged exposure. 

The frequency of a band origin may be ex- 
pressed to a first approximation by the formula 
*Glockler and Davis, Phys. Rev. 46, 535 (1934); 
Glockler and Morrell, Phys. Rev. 47, 569 (1935). 
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where the w’s are the normal frequencies of 
vibration, the V's the vibrational quantum 
numbers, and the X's the anharmonic constants. 
The interpretations of the C,H: spectrum by 
Sutherland' and by Herzberg and Spinks' indi- 
cate that the combination bands which appear 
most strongly are those which involve the largest 
anharmonic constants. This has also been found 
to be the case in the interpretation of the CO, 
vibration-rotation spectrum.® 

Let us compare the frequencies of vibration 
for CeHe and C.Dz. 


C,H, C,H, 
(obs) (Cale. by Colby) 
vy 1974 1750 
v2 3372 2690 
V3 3288 2414 
Y% 605 505 


In the case of C,H, the anharmonic constants 


(X's) are the following (Herzberg and Spinks’ 
values) : 

Xn= + 13.6; X33= — 28.1; Y; 3 = 2 3 X si = — 26 3: 
Xyw=- 4.9; Xy=- 4.9: Xo = —112.1; Xu= _ 1.3; 
Xy=- 0.2; Xun=- 9.3: X95 =e 1.2 Xu=-—18 8. 


It has been observed'® in the case of isotopic 
molecules that the potential energy functions are 
the same to a high degree of approximation for 
corresponding electronic states. One can conclude 
therefore that for a state represented by certain 
vibrational quantum numbers the energy of that 
state will be less for C.D. than for C.He and 
that the vibrations for C,:D, will be for any 
state more nearly harmonic than for the corre- 
sponding one of C,H,:. This would indicate that 
for C,D,. the anharmonic terms would be smaller 
than the analogous ones for C,H». Thus it might 
be expected that vibration-rotat.on bands of 
C:D_, would be less intense than the correspond- 
ing bands of C,He. It may further be pointed out 
that in the case of C,H, the coefficient, Xo, 
coupling the two largest frequencies is larger 
than their difference. This will in all likelihood 
not be so for CsDe. 


®* Adel and Dennison, Phys. Rev. 43, 
’ Beutler and Mie, Naturwiss. 22, 419 
Zeits. f. Physik 91, 475 (1934). 


99 (1933). 
Mie, 


716; 44, 
(1934): 





AND A. McKELLAR 

Both experimental and theoretical work on 
the intensities of 
very meager" and no work has been done on 


vibration-rotation bands is 
polyatomic molecules. For diatomic molecules 
Dunham" has shown that the electric moment, 
u, can be expressed as a power series expansion 
in terms of &, and the 
observed intensities agree fairly well with those 
he has calculated. Mulliken" has indicated the 


where §=(r—r.)/r, 


probable behavior of u as function of r for the 
hydrogen halides and has drawn some interesting 
conclusions regarding the intensities of the ob- 
served bands for H,O. He points out that while 
H.O has a large permanent electric moment, i.e., 
u,#0, uw, =0 for the nonvibrating molecule where 


=~ 
~ 


is the symmetry axis, bands associated with a 
varying uw, (AV3;=even) are weak, while those 
associated with a changing uw, (AV;=odd) are 
strong. Thus probably yz, is near its maximum 
for the nonvibrating molecule, and in the first 
case terms analogous to the coefficients of & for 
diatomic molecules are small, while in the latter 
case the terms are large. 

In the comparison of C,H, and C.De, the », 


band is probably of comparable intensity for 
both as it has been found to appear quite 
strongly. This is a | type band and one may 
suppose that while of course for the nonvibrating 
molecule u,=y,=0, the terms analogous to the 
coefficients of — for diatomic molecules are large 
and of comparable magnitude. Since the ps 
fundamental has not yet been observed for C2De, 
and the combination 
bands involving vs to be several times weaker for 
C,D, than for C.He, the coefficients are probably 


present results indicate 


many times smaller for C,D. than for CH. 


A New C:H. BAnp at 7859A 


A very careful study of our photograph of the 
C,H, band at 7887A taken with the 7.5 meters 
absorbing column at 90 cm pressure revealed 
the presence of a heretofore unreported band. 
It was made manifest by the appearance of a 
series of weak lines extending outwards from the 
end of the R branch of the 7887A band towards 


' Dunham, Phys. Rev. 35, 1347 (1930); 34, 438 (1929): 


Bourgin, Phys. Rev. 29, 794 (1927): Matheson, Phys. Rev. 
40, 813 (1932); Bartholome, Zeits. f. physik. Chemie 
B23, 131 (1933); Mulliken, J]. Chem. Phys. 2, 400, 712 
(1934). 
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shorter wavelengths. The series obviously corre- 
sponded to the R branch of a new band, the P 
branch of which was obscured by the strong R 
branch of the band at 7887A. The faint R branch 
showed alternating intensities and six of the 
stronger lines (odd J values) were measured and 
two of the weaker ones (even J values). These 
lines are quite apparent on the reproduction 
given by Hedfeld and Lueg' of the 7887A band 
but are designated by them as higher members 
of the R branch of that band. That their assign- 
ment is erroneous may be seen by taking first 
differences in the list of frequencies for the R 
branch lines given by these authors. Upon doing 
so one finds that the differences decrease, reach- 
ing a minimum at R(26), and then increase.” 
The frequencies of the lines of the new band at 
7859A measured with reference to the lines of 
the 7887A band are given, along with their 
assignments, in Table I. Because of the faintness 

TABLE I. Frequenctes of the lines of the band at 7859A. 

J 0 1 2 3 5 7 9 11 
R(J) 12,722.00 cm™ 24.2 264 28.7 32.9 36.8 40.8 44.6 
of the lines, we do not consider the frequencies 
accurate to more than +0.2 cm™. 


2 Hedfeld and Mecke' in the original photographic 
work on acetylene absorption reported a band at 7956A. 
We used twice their path length but found no trace of 
this band in which the above authors measured over 30 
lines. It is odd that the 7956A band is not reported by 
Hedfeld and Lueg' who used a path length of 24 meters. 
However, several lines designated by them as members 
of the P branch of the 7887A band coincide with lines 
reported by Hedfeld and Mecke as members of the R 
branch of the band at 7956A. Herzberg and Spinks! give 
two possible vibrational transitions to which this band 
may be ascribed but the agreement between observed and 
calculated frequencies is poor in both cases, observed 
minus calculated values being 70 cm™ and 144 cm™. 


In order to determine the allotment of rota- 
tional quantum numbers to the lines of the new 
band, it was assumed that the structure of the 
band, in particular the spacing of the lines, is 
the same as for the strong band at 7887A. This 
is quite probably justifiable. We calculate that 
the origin of the faint band is at 12,720 cm™. 
This is considered accurate to +4 cm™ (corre- 
sponding to the numbering of the lines being 
correct to within AJ = 2). 

According to Sutherland's arrangement of the 
C,H, bands the combination band occurring 
closest to our band at 12,720 cm™ would be 
v; + 22+ v3 +2»; which, with his constants, should 
lie at 12,766 cm~'. Closer agreement is found if 
one uses Herzberg and Spinks’ constants and 
assignment. With these it is found that the 
combination band »,+3¥%;+2»; should lie at 
12,708 cm. Although Herzberg and Spinks 
assign the band at 7956A to this combination, 
in view of the data concerning this band given 
in footnote 12, we consider the assignment of 
the combination »,+3»,+2», to the new band 
at 12,720 cm more trustworthy than the former 
assignment of this transition. Additional weight 
is added by the definite alternation of intensities 
evident in the observed band which would 
classify it as a || type vibration. 

It is a pleasure to express our appreciation to 
Professors H. C. Urey and J. E. Zanetti of 
Columbia University and Professor E. F. Barker 
of the University of Michigan for their kind 
cooperation, and to Professor G. R. Harrison of 
the Massachusetts Institute of Technology for 
the privilege of working in his laboratory. 
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The Far Infrared Spectrum of H,O 


R. Bow.LinGc BaRNEs, W. S. BENEpIcT* AND C. M. Lewis,* Palmer Physical Laboratory, Princeton 
(Received April 18, 1935) 


The absorption of atmospheric water vapor is mapped between 38u and 170u. The results 
are shown to be in good agreement with Mecke's analysis of the vibration-rotation bands, and 


permit an extension of his results. 


N all investigations in the far infrared (> 20,), 

the energy spectrum shows great irregulari- 
ties. These, it is well known, are due to the 
absorption of the atmospheric water vapor. In 
fact, in order to obtain sufficient energy to work 
satisfactorily in this region, it is necessary to 
remove most of the water vapor by drying the 
interior of the spectrometer with trays of P2Os. 
The H,O molecule possesses a large permanent 
dipole moment, is an asymmetric rotator, and 
hence shows this very and irregular 
absorption, due to ‘‘pure rotation.”’ In the course 
of various investigations in this region, with the 
apparatus already described' we have obtained 
detailed energy curves throughout the region 
38-170u. In this paper we will present these, 
and discuss them in the light of our present 
knowledge of the HO molecule. 

The very excellent work of Mecke and his 
collaborators’? has solved the fundamental prob- 
lems concerning the term-structure of H,O. 
From the vibration-rotation bands in the near 
and photographic infrared, they have obtained 
the energy term values of 32 of the lowest 
rotational levels of the ground vibrational state, 
and correlated these with the predicted levels for 
an asymmetric top with moments of inertia 
A=0.996, B= 1.908, C= 2.981. This corresponds 
to an H—O distance of 0.97A and an H—O—H 
angle of 105°. To apply these results to the 
interpretation of the pure rotation spectrum, it 
is necessary only to take the differences between 
these terms, using the correct selection rules. 
There are two limitations to this, however. In 
the first place, Mecke’s levels, although they 
account for most of the strong lines, are far 
from complete. Secondly, even with the good 


strong 


* National Research Fellows. 

'R. Bowling Barnes, Rev. Sci. Inst. 5, 237 (1934 

? Mecke, Baumann and Freudenberg, Zeits. f. 
81, 313, 445, 465 (1933). 


Physik 


TABLE I. Term values for the H:O molecule. Values 
marked a and b are taken from Mecke’s measurements in 
the photographic infrared. Values marked c¢ are assumed 
in order to explain the experimental results of this paper. 


Je om "Crass |J-p cm™"Crass!|J, cm'Crass! Jp cm Crass 
Oo 0 a 3, 286.93 a |5.: 446.59 b | 7.6 586.6 a 
| 23.78 a 4.4 222.07 a Se 505.54 b 7 699.6 « 
lo 37.09 a /|4-3 224.81 a |[5; 510.33 b 7 705.0 « 
ly 42.31 a |4-2 275.50 a |Se 6118 « 7 720.5 « 
2.2 70.09 a |4., 30044 a [53 612.1 « 7_+ 813.0 
2-1 79.43 a i4o 315.83 a [6-4 446.7 1 7 840.0 « 
20 95.15 a 4, 384.03 a |6 447.2 a Rs 744.1 a 
21 134.98 a 42 385.44 a [64 540.5 8 744.2 a 
2: 136.24 a |43 490.64 b |6.3 548.7 b 8 871.5 « 
3» 136.76 a 4s 490.79 b 6.- 601.5 < 8 R768 « 
3.2 142.23 a 5 325.37 a |6 648.0 « 9.« 9208 b 
%_, 173.31 a 5.4 326.56 a be 665.0 < 9s 9208 b 
3e 206.35 a 5.s 399.42 a 61 761.1 < 10 1116.0 b 
3) 212.24 a 5 416.21 b |G: 762.5 ‘ 10 1116.0 b 
$2 «=. 286.80 a 7 586.3 a i! 1329.7 « 


resolving power obtained with our instrument or 
the somewhat better resolving power applied in 
a more limited frequency range by Wright and 
Randall,’ there is often an overlapping of lines. 
This latter fact makes an exact agreement with 
the calculated spectrum impossible, until the 
technique in this region is still further improved. 
Approximate agreement has however been 
achieved, as Fig. 1 and Tables I and II demon- 
strate. 

Fig. 1 shows the energy curves obtained. The 
curve is a smoothed idealization of all the points 
measured. The accuracy varies from region to 
region, as most of the points were taken with 
absorption measurements as the primary aim, 
the energy spectrum being of secondary im- 
portance at the time. In some regions, for 
example, the energy curve has been gone over 7 
or 8 times with the narrowest possible slits; in 
others, only two or three times. The concentra- 
tion of water vapor in the optical path also varied 
from time to time. In smoothing the curve for 
publication, however, no hump that can be 
construed as an absorption line has been included 
unless its presence is definitely indicated by two 


* Wright and Randall, Phys. Rev. 44, 391 (1933 
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or more separate groups of points. The agreement 
with the results of Wright and Randall, in the 
region reported by them (65-130y), is satis- 
factory, as reference to their curves will show. 
The wavelengths of the various minima in the 
curve are calculated by the method described in 
an earlier paper on the absorption spectrum of 
ammonia,‘ and are tabulated, together with the 


‘ R. Bowling Barnes, Phys. Rev. 47, 658 (1935). 


. The slit-widths used varied considerably in the various parts of the spectrum. 


approximate relative intensity, in Table II. 

Table I gives the term values used in corre- 
lating the observed results. Most of the lower 
levels are taken from Mecke’s tables. These are 
marked a, and should be accurate to 0.02 cm™. 
The levels marked 6 have been obtained by 
extending Mecke's methods to the same body of 
photographic infrared data. The details will be 
published later by one of us. The accuracy is 
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TABLE II. The far infrared of water vapor. 


ALLOWED 





TRANS. INTEN- Ons. BY 
J; —Je CAL. Oss. » SITY OTHERS OBS. u 
Se —62 257.0 
51 —61 250.8 250.8 4 247 39.87 
5.2 —60 248.8 
3.4 —4) 247.27 
4:—5s 228.1 
42 —52 226.4 227.6 7 228 43.94 
4,-5.1 221.78 
22-3 216.71 216.4 ; 46.22 
109 ~ 11s 213.7 213.7 0 46.80 
6.2-—7 2 211.5 211.5 2 211 47.28 
4.41-5; 209.89 210.2 0 47.57 
206.7 0 48.17 
32 — 4, 202.99 205.0 5 48.79 
33 — 43 202.71 
5.16.1 201.4 201.3 4 201 49.68 
9_9—10_» 195.2 195.3 3 192 $1.20 
40 —So 189.71 186.9 0? 53.51 
182.7 0? 54.73 
30 — 4, 179.09 
75 ~8_, 177.2 
81-9» 176.7 176.9 5 177 56.53 
R&.s-9_, 
3.2 —40 173.60 174.4 0? 172 57.53 
31-4) 171.79 170.8 5 58.53 
O.4—7L4 166.5 166.4 ; 166.6 60.09 
74~—B8_6 166.3 
77-8 157.8 157.8 4 157.9 63.38 
74-8» 157.5 
21 —3s 151.95 152.7 2 153.5 65.49 
6.3-7_.5 150.9 151.2 6 66.13 
22 —3e 150.56 
S_s—6_s 149.3 150.2 6 150.1 66.58 
143.99 i 69.45 
42-52 140.71 140.9 
64-7 139.9 139.74 6 139.3 71.56 
6.5-7 139.1 
73.1 
21-31 132.81 
871 —8_5 132.6 132.62 7w 132.8 75.41 
6.1 7.3 132.5 128.8 
$35 —4.1 127.13 127.32 6 127.2 78.55 
5.26.4 124.3 124.25 0? 80.49 
5.5 — 6.5 121.95 121.8 6 12.19 82.06 
S166 120.11 120.3 4 120.20 83.16 
7674 118.4 119.0 | 118.08 84.04 
114.9 0 116.74 87.0 


somewhat less, as fewer combinations involving 
these levels have been found, but is probably 
better than 0.2 cm™'. Finally the levels marked 
c have no other experimental backing than that 
they give with the 
results of the present paper; they lie, however, 
close to the positions calculated from the theory 


agreement experimental 


of the asymmetrical rotator. Pending an exact 
treatment of the corrections due to centrifugal 
stretching of such a rotator, it has not seemed 
worth while to give the calculated values of 
these terms. The accuracy of levels ¢ may not 
exceed +1 cm™. 

Table II gives the correlation between experi- 
ment and theory. The first column gives all the 
combinations between the terms of 
Table I, that would lie in the observed region. 
The “allowed” combinations comprise the strong 
lines of the types J,—J,42, J,->(J+1), (J and 
rt both odd or both even) or J,—(/+1), 2 fa 
odd, r even and vice versa). Of these, the lines 


allowed 


ALLOWED 


TRANS. INTEN OBS. BY 
Je —Jsz Cau Oss. » Siry OTHERS OBS. « 
7 7 113.3 113.3 2 112.9 88.26 
20 —3o 111.20 111.9 1 111.21 89.4 
74-7 107.8 107.92 
4: —4, 106.61 107.0 3w 107.30 93.43 
Se —Ss 106.3 
42 4, 105.35 105.78 
| 4.4—-S 4 104.49 104.52 2 104.59 95 
6 6 101.4 101.46 
5,-5 100.7 
43-5 100.56 100.78 Rw 100.59 99.23 
le —2:2 99.15 99.20 5 99.04 100.80 
6.4-6.1 99.0 
1-54 98.98 
60 —62 97.5 97.4 2 102.7 
Se —6_2 96.0 96.12 
6.4-6.4 93.8 93.8 1 106.6 
1321 92.6 92.9 2 92.51 108.1 
51-4 91.22 
S15 89.65 90.3 0? 89.53 110.7 
San Ge 89.33 88.41 ow 8.42 113.1 
3.3—4_3 R&.05 87.44 
4.15—4, 83.59 83.20 2 120.1 
81.83 0 122.2 
3, 80.45 80.94 1 123.5 
a—4_4 79.84 79.59 
63-71 78.9 78.78 4 79.02 126.9 
77.50 1? 7R.26 129.0 
4.5 4 1 75.63 45.59 
; ; 74.69 75.10 Ow 133 
5 $e 74.12 74.22 
5 Ss 74.05 73.47 0? 136.1 
4 $ 72.14 
3 4 71.15 71.3 1 140.1 
4 4 69.61 70.00 1 142.9 
01.3 /3 67.1 67.41 l 148.4 
5 Si 63.74 
6+ 6o 63.5 
64-62 63.0 63.02 3 158 
4) 5.4 62.56 
60.76 ? 164.5 
60.08 Oo? 166.4 
7 71 59.5 59.69 1 i¢ 
176.91/3 58.97 SR 57 3 169.6 
174.44/3 58.14 58.47 0 171.0 


involving odd values of +r will be the stronger, 
by virtue of the “alternating intensities."’ In 


addition, transitions to states differing from 
these levels by r=4 will appear, but much more 
weakly. The tables should therefore account for 
all the possible lines in this region except the 
weakest. An 


intensities is possible but laborious; in view of 


very exact calculation of the 
the wholesale overlappings of the observed lines 
it was not attempted. 

The Table II 
frequency of these transitions, calculated from 
Table I. The next 


gives the frequencies, and the next the intensities, 


second column of gives the 


the term values of column 
of the nearest observed line. It is seen that the 
correlation with column 2 is good throughout, 
considering the overlappings. The next column 
shows the agreement between our results and 
the field. The 


comparison for frequencies above 167 is with 


those of previous workers in 
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the results, of low accuracy, of Kiihne,® and 
from 167 to 74 with those of Wright and Randall. 
The latter agree with the calculated values 
somewhat more closely than do our measure- 
ments, showing that as resolving power increases, 
still closer agreement may be expected. 

Our results extend to 170u. However, in the 
longest wave region, beyond 138yu, our energy is 
not pure, but contains some of the third order 
radiation. Accordingly, lines appear in the spec- 
trum which are really third order lines, not lines 


+ Kahne, Zeits. {. Physik 84, 722 (1933). 
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of H,O. That at least 40 percent of the energy 
detected remains first order is, however, certain; 
and the absence of any strong H,O lines in this 
region other than at 63 cm™, in agreement with 
calculation, is proved experimentally. 

We may thus conclude that the pure rotation 
spectrum of water, as at present observed, is in 
complete agreement with the results of the 
rotation-vibration spectrum; and that further 
progress in locating the higher rotational levels 
must depend on more complete experimental 
results in either region. 
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Vibrational Raman Scattering in Liquids 


,. BHAGAVANTAM AND A. VEERABHADRA Rao, Department of Physics, Andhra University 
Received April 10, 1935) 


A quantitative investigation reveals that the distribution of intensity within the wings 
accompanying the vibrational Raman line 656 cm™ in liquid carbon disulphide is very similar 
to that obtained in the wings accompanying the Rayleigh lines. The intensity starts from being 
a maximum at or very near the center, rapidly falls off till a distance of 20 cm™' is reached after 
which it gradually diminishes till it fades away altogether. These features are in marked con- 


trast to the predictions of the existing theories of the rotational Raman effect. 


INTRODUCTION 


T is well known that practically all the vibra- 

tional Raman lines in liquids exhibit the 
phenomenon of depolarization. It follows as a 
natural consequence that, as in the case of de- 
polarized Rayleigh scattering, they should in 
general be accompanied by unresolved wings 
arising from the rotation of the molecules. Recent 
investigations by Weiler, Trumpy,’? Ranganad- 
ham’ and more extensively by the authors*’ 
have shown that in liquids the so-called rotation 
wings accompanying the Rayleigh scattering are 


‘J. Weiler, Zeits. f. Physik 68, 782 (1931). 

?B. Trumpy, D. Kgl. Norske Viskens-Selsk. Forh. 5, 
Nos. 16 and 47 (1932 

7S. P. Ranganadham, Ind. J. Phys. 7, 353 (1932). 

‘S. Bhagavantam, Ind. J. Phys. 8, 197 (1933). 

'S. Bhagavantam and A. Veerabhadra Rao, Ind. J 
Phys. 8, 437 (1933). 

*A. Veerabhadra Rao, Proc. Ind. Acad. Sci. 1, 274 
(1934). 

7S. Bhagavantam and A. Veerabhadra Rao, Proc. Ind. 
Acad. Sci. 1, 419 (1935 


characterized by a very large concentration of 
intensity in the close neighborhood of the Ray- 
leigh line and a relatively feeble but a definite 
extension of the wing to an unexpected distance 
from the center. The authors have pointed out 
that such complex patterns are not wholly ex- 
plicable in terms of the simple theory of rota- 
tional Raman scattering by gaseous molecules 
but are to be attributed partly to internal 
oscillations in liquids similar to those that exist 
in a solid. Such conclusions have also been drawn 
by Gross and Vuks* from their investigations on 
diphenyl ether. These results obviously give 
rise to the important question whether the wings 
accompaning the depolarized vibrational Raman 
lines in liquids behave in a similar manner. This 
paper describes the experimental results obtained 
by us in this direction by using liquid carbon 


disulphide. 


* E. Gross and M. Vuks, Nature 135, 100 ¢1935). 
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EXPERIMENTAL ARRANGEMENT 


The liquid, purified by distillation, is con- 
tained in a wide glass tube and illuminated by 
focusing the light from a 6-inch mercury arc onto 
the tube by means of a large aperture glass con- 
denser. The usual precautions of painting the 
tube black and drawing the end opposite to the 
observation window into the shape of a horn have 
been taken so as to eliminate all parasitic light. 
The spectrum of the scattered light is photo- 
graphed by means of a glass spectrograph con- 
sisting of 2 large prisms. A fine slit (3/200 mm) is 
used with a view to obtaining the maximum possi- 
ble resolution. The liquid gets slightly colored on 
exposure and in order to avoid the resulting loss 
of light, it is renewed frequently during the ex- 
posure. Two different plates showing the Raman 
line 656 cm™ and its accompanying wings excited 
by \4046 have been obtained. With a standard 
tungsten ribbon lamp running at about 16 amp. 
from a 220-volt battery as the source, a scale of 
intensity marks is furnished alongside the 
scattered spectrum by the method of varying slit 
widths. The density-log intensity 
drawn with the help of a Moll microphotometer 
at the wavelength corresponding to 656 cm™ 
Raman line excited by \4046 and the intensities 
at various points on either side of this line are 
read off from this curve. This line in carbon 
disulphide is chosen for the investigation as it is 
particularly intense and at the same time exhibits 


curve is 


an appreciable depolarization. It is also ac- 
companied by a satellite (Av=648) separated 
from the main line only by about 8 wave numbers 
which, if resolved, provides a measure of the 


resolution employed. 


RESULTS 


Fig. 1 is a microphotometric record of the 656 
cm line excited by \4046. The arrow indicates 
the position of the satellite (Av648) which is seen 
as a separate peak, on the shorter wavelength side 
although it is only at a distance of about 8 cm”! 
from the main line. It is to be noted that no such 
discontinuity in intensity is present on the longer 
wavelength side of the main line. This result at 
once permits us to draw the important conclusion 
that the intensity of the wing accompanying the vi- 
bration line goes on continuously increasing as we 
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Fic. 1. Microphotometer record of 656 cm 


approach the center or the Q branch, no discontinuity 
being perceptible even at a distance as close as § 
cm~' from the center. That the instrument would 
undoubtedly have shown up such a discontinuity 
if it were present is evidenced by the fact that the 
satellite 648 cm™ is seen as a separate peak on the 
record and as a distinctly separated line in the 
negative. 

In the second row of Table I the results of a 


TABLE I. 
Av 
em 0 2.85 5.7 8.55 11.4 14.25 17.1 19.95 22.8 25.65 28.5 34.2 39.9 45.6 
Intensity 360215 112980 63 47 38 30 25.7224 2419 164 12.46 


photometric study of the intensity distribution in 
the wing on the longer wavelength side of the line 
aie given. The numbers are the averages of those 
obtained on two different plates and represent 
the intensities at the respective points on an 
arbitrary scale. 

As there are no satellites on the longer wave- 
length side of the line, these results may be re- 
garded as giving a true picture of the intensity 
distribution in the RR branch of the 656 cm™ 
Raman line. These are represented graphically in 
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Fic. 2. Intensity distribution in Raman line. Unbroken 
line, theory; dotted line, Rayleigh scattering; lines with 
encircled points, vibrational Raman scattering. 


Fig. 2 by the curve joining the encircled points. 
The intensity distribution (unbroken curve) to be 
expected on the basis of the theory of rotational 
Raman scattering applicable to gaseous mole- 
cules, by taking the moment of inertia of CS. as 
264 10-*°, and the experimentally-observed in- 
tensity distribution (broken curve) within the 
wing accompanying the Q branch of the Rayleigh 
scattering,® are also represented graphically on 
the same scale in Fig. 2 for comparison. 
DIscUSSION OF RESULTS 


The following outstanding features in Fig. 2 


may be noted. The intensity distribution ob- 
served in the wing accompanying the 656 cm™ 
vibration line differs in one respect from that 
observed in the wing accompanying the Rayleigh 
scattering in as much as the Q branch in the latter 
appears to be relatively stronger as may be seen 
from the courses of the curves in the region 0 to 
10 cm~!. Otherwise the courses of the two curves 


LIQUIDS 923 


are in good general agreement with each other. 
The intensity distribution in the wing accom- 
panying 656 cm™ line is practically identical with 
that observed for the wing accompanying the 
Rayleigh line at all distances larger than about 
10 wave numbers from the center whereas in 
closer regions (from 0 to 10 cm™) the experi- 
mental curves maintain in common the general 
characteristics such as a continuous and rapid 
increase in the intensity as the center is ap- 
proached. In these respects both the curves agree 
amongst themselves and differ very markedly 
from the theoretical curve. According to the 
theory we should expect the wing to start from 
zero intensity at the center, gradually increase in 
intensity till it reaches a maximum at about 14 
cm™~', and then fall off and nearly completely 
vanish by the time a distance of 45 cm™ is 
reached. 

Experimental results show on the contrary that 
the wing has a maximum intensity at or very near 
the center, its intensity rapidly diminishing till 
about 20 wave numbers and thereafter falling off 
only gradually with the result that it persists long 
after the distance of 45 cm™ is reached. Such 
close similarity between the structure of the 
Rayleigh scattering and the vibrational Raman 
scattering unmistakably suggests that the wing 
in both cases is of the same origin and cannot in 
either case be explained on the basis of a simple 
theory that it all arises from the rotation of 
molecules. 

It must also be pointed out here that a recog- 
nition of the existence of such an unresolved wing 
in the vibrational scattering which cannot be 
separated from the Q branch proper is of utmost 
importance in the investigations relating to the 
intensity and polarization characters of these 
lines. This point has not, however, been realized 
by the earlier investigators’ and its full signifi- 
cance will be dealt with by one of us in a separate 
communication relating to the intensity and 
polarization characters of the vibrational Raman 
lines in carbon disulphide. 


*S. Bhagavantam, Ind. J. Phys. 5, 35 (1930); J. Ca- 
bannes and A. Rousset, Ann. d. Physik 19, 229 (1933 
and A. Langseth, J. U. Sorensen and J. R. Nielsen, J. 
Chem. Phys.,2, 402 (1934). 
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The Low Terms in Mn V and Fe VI 


I. S. Bowen, California Institute of Technology 


(Received April 29, 1935) 


Most of the strong lines arising from transitions between the d* and d*4p configurations in 
Mn V and Fe VI have been classified. The presence of forbidden lines of these ions in nebulae 


and novae is discussed. 


HITE! has made a study of the isoelec- 
tronic sequence VIII, Cr IV and Mn V. 
In Mn V he identified transitions to the *G, ?// 
and ‘F terms of the d* configuration but, since 
no intercombination lines were found, he was 
unable to fix the relative positions of the doublets 
and quartets. In the present analysis about 50 
additional lines have been classified in Mn V 
and about 100 lines in Fe VI. In both cases 
these include intercombination lines. The classi- 
fied lines are listed in Tables I and II and the 
terms deduced from them in Table III. 
As practically nothing has been known about 
the relative positions of the low metastable 
states in the stages of ionization of these atoms 


between Mn II and Mn VI and Fe II and Fe VII 


TABLE I. 


it is of importance to determine whether any of 
the forbidden the 
fixed in this analysis, correspond to observed 
lines in the novae. A comparison 
with various spectra of these objects has yielded, 


transitions between terms, 


nebulae or 


in general, only an occasional chance coincidence 
due to the wide tolerance which is made necessary 
both by the large uncertainty of many of the 
astronomical wavelengins and by the low wave- 
number accuracy of extreme ultraviolet measure- 
ments. The only coincidences that may in any 
way be considered significant are those between 
*F;,—°G,y, at 4968.8A, *F;,—°G;, at 5146.8A and 
*F,,—°G,y, at 5177.0A and the lines of Nova 
Pictoris® in 1931-1932 at 4968.1A, 5148.5A and 
5176.3A. 


Classtfied lines of Mn V. 


INT. d y CLASSIFICATION [INT r CLASSIFICATION [INT » F CLASSIFICATION 
d3 d*4p a3 d*4p j 174) 
1 382.061 261738 ‘Fy —(@P)‘Dy 7 406.417 246053 ‘Fy, —(°F)4Dy 8 415.980 240396 ‘Po P)4s 
6 382.907 261160 if “4 { P)*Dy 6 406.845 2457904 ‘Foy F)Dy Hy G)*Ga 
1 382.980 261110 ‘Fy (P)*Des 2 407.301 245519 ‘Px —CUP)tDy 1 422.228 236839 { P)*Day 
2 383.422 260809 ‘Fis —(@P)*Diy 6 408.322 244905 i} “4 (4F)2F 4 5 428.600* 233318 ‘4 ‘F) Gay 
4 383.681 260633 ‘Fxyy —(@P)*Day 1 408.390 244864 ‘Pry —CUP)ADy 5 429.054* 233071 Gy F) "Gm 
5 383.939 260458 ‘Fa —(UP)ADy 4 408.733 244658 ‘Fxy —(3F) °F 4 1 429.984 232567 Gy F)*Guj 
3 393.324 254243 rah 'G)*H 4 1 409.217 244369 ‘Py —OUP)Dy 0 431.973 231496 ‘Py F)*Dy 
1 394.322 253600 Gay —('G)*Hy 2 409.335* 244299 ‘Fy —(F) Fay 7 433.558 230650 ‘Pp F)*Dy 
2 398.604 250876 ‘Fy —(OUF)*Gay 3 409.546 244173 Gay ‘P)Dy 3 434.210 230303 ‘Pry F)*Doy 
4 399.538 250289 ‘Fa ‘F)'Gay 4 409.795* 244024 ‘Foy F)*Fuy 0 434.403 230201 raj F)?Dy 
3 401.787 248888 ‘Piy —CP)*Py | 8 $10.311* 243718 ‘Fy —OF)*Fy 2 434.575 230110 ‘Py FAD, 
4 402.525 248432 ‘Pa —CUP)*Py 5 4$10.459* 243630 ‘Fu F)AGsy 2 435.069 229849 ‘Po F)4*Dy 
3 402.754 248291 ‘Py GOP)*Py ‘Fiy —(F) Fy 1 435.291 229731 ‘Py FyDy 
0 403.007 248135 ‘Py GP)*Py 8 $10.611* 43540 ‘Fs F)‘Fy 1 435.594 229572 ‘Py FyADy 
0 403.281 247966 Py 4 ‘PAP, & 410.990* 243315 4} j di Foy 2? 436.093 229309 44 F)*Dy 
3 403.552 247800 ‘Puy GP)tPy 7 $11.329* 243114 ‘Fi F)*F iy 8 436.174 229266 ‘Py F)°F a 
1 403.680 247721 ‘Fay —(3F)*Day 7 $11.585* 242963 ‘Fa —(OF)4 1 436.660 229011 Gu F)*Day 
4 403.754 247676 Py —OUP)YPy ‘Fay —(@F)*Gay 1 436.857 228908 ‘Pi F)°*Fy 
“ray —('G) "Gay ; 411.789* 242843 ‘Fyy —(OF) ‘Fy 5 438.735* 227928 Ga F)*F 4 
8 404.358 247306 "Gay — CG) "Gay ; 4$11.920* 242766 ‘Fy —(OF)F iy 5 4$39.352* 227608 Ga F)*Fa 
"Hy —(CG)*Hy | 5 $12.534* 242404 ‘Fy —(@F)*Gay 1 441.008 226753 Hy F)°Gu 
4 404.455 247246 ‘Fy —(*F)*Day + 413.384* 241906 ‘Fiy —CF)*Gy 7 441.725* 226385 Hy I 744 
) 405.094* 246856 ‘Fy —(F)4Dy 3 414.933 241003 ‘Py —(@P)4S 7 442.495* 225991 Hj F)%Gaj 
8 405.654 246516 ‘Fiy —(F)4Dy 5 415.207 240844 ‘Piy —(CP)4AS 4 447.498 223465 i F)* Day 
"Hay G)*Hs 0 415.336 240769 Hy —CG)*Gy 3 448.262 223084 \ F)*Dy 
7 406.037* 246283 ‘Fa —CUF)*Dy 7 415.622 240603 ‘Hy G)*Ga4 3 451.065 221698 i F)2F 3 
1 406.240 246160 ‘Fy F)'Dy 2 452.758 220869 1 F)*F 
* Classified by White, (reference 1). 
'H. E. White, Phys. Rev. 33, 672 (1929). 2H. Spencer Jones, M. N. R. A. S. 92, 728 (1932 
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INT. 


; 
6 
2 

3 
5 
5 
3 
5 
4 

1 
4 
Ss 
4 
3 
4 
2 
4 
4 
4 
4 
6 
S 
2 
4 
4 
2 


36 1080 
360271 
360218 
359776 
359520 
3590274 
359104 
352398 
351489 
348028 
346559 
345887 
345660 
345462 
345400 
345218 
345005 
344782 
344722 
344654 
344506 
344409 
344235 
344143 
343953 
343773 


343619 
343425 
343372 
34.3085 
342898 
342700 
342666 
342547 
$42421 


Mn \ 


000 
349 
827 
1406 
16420 
16580 
17036 
17878 


1IR&3R2 


24610 
24953 


25315 


CLASSIFICATION 


LOW 


TABLI 


da 4) 
‘Fy —C@P)*Dy 
‘Fa —CUP)*Dy 
‘Fa —CP)*Dy 
‘Fiy —(P)*Diy 
‘Fy —(UP)*Dy 
‘Fay —C@P)*Diy 
‘Fis —(P)*Dy 
"Gy —CG)*Hy 
Gah —UG "Hay 
‘Fa —(OUF)*Gay 
‘Pray —CP)*Py 
‘Py —('P)*Py 
‘Py —O@UP)*Py 
‘Piy —CP)*Py 
‘Foy —_ 5F)*Day 
‘Py —(§P)*P 
Pg — (Peg 
‘Py = PAP 
‘Fy —_ *F)* Day 
*Fiy —@F)*Day 
"Hs —CG)*Hay 
"Gy — (UG) "Ga 
‘Fy —(@F)*Dsy 
‘Fy —(F)*Diy 
Gay —UG)*Gy 
‘Foy me Ay, 
“Cr (*Ur) *s 
‘Fy - (GF)*Dy 
4} (4F)*Day 
"Hay - CG)*Hy 
‘Fay (4F)*Day 
Hy —CG)*Hs 
‘Fy —(@F)*Diy 
‘Py —(@P)*Dy 
‘Fi F)°F oy 
‘F j —(3F)*F xy 
Fe VI 

000 

510 

1185 

1994 

18734 

18937 

19601 

20609 

21305 

28469 

28723 

29196 


Sd ee eee ee 


7 


- 


~ih 


TERMS 


TABLE II. 


292.343 
292.597 


736 
925 
046 
214 
292 
384 
488 
745 
820 
966 
040 
265 
339 
520 
665 
850 
960 
O14 
042 
634 


317 
723 
808 
ORR 
131 


7.308 
7.568 


579 
803 
997 
558 


304.221 


Term values ¢ 


IN Mn 


342064 


341767 
341605 


341384 
341244 
341048 


340957 
340850 


340729 


340431 
340345 


340175 


340090 
339830 
339744 
339536 
339368 
339155 
339029 


338967 


338935 


338256 


337477 
337015 


336918 
336714 
336552 
3.36352 
3360058 


333802 
333552 
332229 
329426 
328708 


Mn \V 


241906 
242753 
243115 
243667 

243790 
244370 
245036 
245125 
245486 
246143 
246307 

246530 
246880 


247686 


V 


AND 


Classified lines in Fe VI. 


CLASSIFICATION 


d* d*4p 
‘F 2 (*F Fs 
‘Py —CP)Dy 
‘Fu —(*F)*F; 
‘Fy 1F)*F 25 
‘Fy PF) Fy 
‘Py *P)MDiy 
°Gay —P)*Daj 
‘Fay FP) Fay 
‘Fa ‘F ) “any 
‘Fy a} Fay 
‘f ‘F)4Fs 
“Fas sd Fay 
"Gay CGP)*Day 
‘Fay 1F) Py 
‘Fy —OF)Gy 
‘Puy (°F) *F iy 
‘Fy GCF) Fy 
‘Fy *F) Py 
‘Fay (4F Fis 
‘Foy GF)*Gy 
oo — tae 
‘Fy SP) Gay 
Fa F) Gs 
4 'P)*Py 
‘Py apPyas 
‘Py aP)4S 
*H a4 ‘r) Cray 
ita — 
‘Py —OP)S- 
{ 1P)tDy 
"Hy 7 ‘P)tDy 
i (@P)*Dy 
*Crah J ) ray 
rah if rah 


of Mn V and Fe 


Fe VI 


338256 
339477 
339538 
340341 
340929 
341361 
342723 
342426 
342570 
343210 
343600 
343619 
344270 
344656 
345419 


ew VN ee es 


wo ww 


co-u —wwuewnw 


we Ge Ge ke me Ge I ts 


Vi 


304.551 


305.200 
305 837 


306.460 
406.823 
306.922 


307.013 
307.375 


307.404 


307 .800 


307 884 
308.007 


308.187 


308.383 
308.534 
308.644 
308.960 
308.993 
309.627 


310.274 
310.601 


310.807 
311.138 


311.236 


311.702 


312.263 
314.299 


314.814 


315.027 
315.506 
317.319 


318.364 


D4p 


(F)*Ds 
(F Gap 
CF)Gy 
(3P ss 
‘PAD, 
GP)'Diy 
(@P ‘Dy 
GP)*Dy 
(P)*P; 
PP y 
P) APs 
a 
G)*ay 
ty Hy 
CG)H i 


, 


322296 
321956 


321743 


321401 
321300 


320819 


320243 
318168 
317648 
317433 
316951 
315140 
314106 


Mn \ 


248074 
250949 
251700 
257424 


260808 
261460 
262566 
264382 
264712 
2654068 
265555 
265715 
271475 
272624 


CLASSIFICATION 


a d4p 
"Gy — CF) *Gy 
Gay —(5F ) ray 
*Pyy —CF)YDy 
‘Py —CUF)*Dy 
‘Py —COF)Dy 
‘Py —CF)*Dy 
‘Py —CF)Dy 
‘Py —CF) Day 
"Gy —CF)RYDy 
‘Py —CUF)D, 
"Gy —(UF)Dy 
‘Puy —CF)Dy 
‘Py —(F)*Dy 
‘Py —COF)Dy 
‘Py —-CF)Dy 
Ga —CUF)Dy 
‘Py —CF) Fy 
Gay —(CUF)ADy 
(Py —(F) Fy 
‘Py —OF) Fy 
"Gy — (CF) Fy 
Gay —COF) Fy 
"Gy — (OF) Py 
‘Py —(OF) Fy 
‘Piy —CF) Fy 
"Hey —('F ray 
"Hy — (iF Gy 
"Hay —CP) Gy 
ay —OCP) Gy 
"Gy — CF) Gy 
A —(F)*Dy 
A -(*F)*Dy 
A —(*F)*Fy 
A —(F)*Fy 
Fe VI 
345908 
348962 
350016 
355652 
359104 
459784 
360705 
362265 
36.3944 
364.390 
365492 
365077 
365262 
372096 
4373702 
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The relative intensities of lines in four multiplets in the 
spectrum of Cr I, and eight multiplets in the spectrum of 
Cr II, have been measured with a concave-grating spectro- 
graph and photographic photometry. The intensities in 
many cases deviate from those calculated for Russell- 
Saunders coupling, the deviations being in accord with 


intensities in the spectra of 


observations of others on 


I. INTRODUCTION 


NTENSITY measurements in the complex 

spectra of the elements composing the iron 
group are particularly interesting because of the 
increasing divergence from intensity rules for 
Russell-Saunders coupling as the atomic number 
increases. The elements at the beginning of the 
group show fairly good agreement with these 
intensity rules, but there is an increase in the 
proportion of anomalous line intensities as one 
passes through this group to nickel. This is 
shown by the intensity studies of titanium (22),' 
vanadium (23), chromium (24),? manganese 
(25),* iron (26),° cobalt (27)* and nickel (28).’ 
This investigation was undertaken to determine 
some of the intensity relations in chromium. 


Il. EXPERIMENTAL 


The method of photographic photometry as 
described by G. R. Harrison was used for the 
determination of relative intensities of spectral 


lines. 


Excitation of spectrum 

Two pieces of purified chromium metal were 
clamped in water-cooled holders in a glass bulb, 
19 cm in diameter, the was 
maintained at 7 to 15 cm of mercury. The arc 


where pressure 


. R. Harrison, J. O. S. A. 17, 389 (1928). 
. R. Harrison, unpublished material. 

E. Hesthal, unpublished material. 

S. Seward, Phys. Rev. 37, 344 (1931). 
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B. van Milaan, Zeits. f. Physik 34, 921 (1925 
R. Frerichs, Ann. d. Physik 81, 807 (1926). 
*L. S. Ornstein and T. Bouma, Phys. Rev. 36, 679 
(1930). 


7H. N. Russell, Astrophys. J. 66, 335 (1927); but 


modified later, see J]. O. S. A. 18, 296 (1929). 


elements of the iron group. Perturbing energy levels offer 
a possible explanation of many of the deviations. Two 


multiplets in the septet system of Cr II have been corrected 


for excitation. The temperature of the chromium aré 
source consistent with this correction was found to be 
4060°K. 

was excited by approximately 2.4 amperes, 


furnished by a 110-volt storage battery with a 
large reactance in series. The glass bulb was 
provided with a quartz window which trans- 
mitted the desired wavelengths. 


Spectrograph 

A concave grating with a radius of curvature 
of 6.4 meters, having 6000 lines per cm for a 
length of 11.6 cm, was used in the second order 
with a dispersion of 1.25A/mm, on a Paschen- 
type mounting. The intensity of the light was 
varied by absorbing screens made of screen wire 
of different mesh placed between the lens and 
the slit. The intensity could be varied from 100 
to 3 percent. The plateholders were held in 
position and manipulated by means of cassettes, 
making it possible to expose any portion of the 
plate. The cassettes, taking 4 10-inch plates, 
were placed on two concentric rails on a rigid 
circular table. The plate was raised 4 mm 
between each exposure, making it possible to 
take 22 exposures on one plate. These exposures 
were accurately timed by an automatic timing 
device consisting of a pendulum, vacuum-tube 
relay, and magnetic shutter. The two central 
exposures were of the chromium arc. Above and 
below these were three exposures of the mercury 
arc for calibration Exposures were 
made simultaneously on both sides of the normal 
in such a way that there was a 40-Angstrom 


purposes. 


overlap, thus giving a continuous exposure to 
the Eastman 36 


plates were used. 


chromium or other sources. 


Determination of intensities of spectral lines 
The photographic plates were calibrated, as 
described by Harrison, with a series of exposures 


926 











ffer 


‘wo 


ted 


be 


id 


to 


iS 

















INTENSITY RELATIONS IN Cr 927 


to a mercury arc operated on a 110-volt storage 
battery. To get the intensity of a given chromium 
line the percentage transmissions were measured 
by means of a densitometer employing a photo- 
electric cell and a Wynn-Williams* Wheatstone- 
bridge amplifier as described by C. E. Hesthal 
and G. R. Harrison.* The transmissions as given 
by the densitometer were then converted to the 
corresponding intensities by means of a calibra- 
tion curve. To correct for variations in the arc, 
48 exposures were made of each chromium line. 


Corrections and errors 


1. The intensity of the background upon 
which the spectrum was superimposed was 
determined separately and subtracted from the 
intensity of the line. 

2. A correction for self-reversal was made by 
adding to the intensity that fraction of the light 
which was absorbed as the radiation passed 
through the cooler layers of chromium vapor 
surrounding the arc, in the manner described by 
Harrison. 

3. The transmissions of the most intense lines 
could not be read accurately in the stronger 
exposures, and very weak lines could be measured 
only in the more intense exposures, while other 
lines could be obtained in all exposures. To 
correct for this experimental limitation, weighted 
averages were used, the proper weight for each 
exposure (or group of exposures) being deter- 
mined from the intensity readings of four lines 
that appeared in all exposures on all photo- 
graphic plates. In this way all exposures were 
converted to the same arbitrary scale. 

4. Since the rate of radiation of an oscillator 
is proportional to the fourth power of the 
frequency, it is necessary to divide each intensity 
by the fourth power of its frequency in order to 
compare theoretically intensities of different 
frequencies. 

5. The variation in sensitivity of the spectro- 
graph with wavelength was determined in a 
separate experiment, and the results were used 
to correct all intensities for this variation. 

6. All measured intensities have been checked 
for superimposed lines of aluminum and iron, 

*C. E. Wynn-Williams, Phil. Mag. 6, 324 (1928). 


*C. E. Hesthal and G. R. Harrison, Phys. Rev. 34, 543 
(1929). 


the two most abundant impurities in the 
chromium arc. 

7. In a few cases the superposition of ghosts 
upon spectral lines has augmented the measured 
intensities. These cases have been indicated in 
the results. 

8. In varying the intensity of the calibrating 
source of light, it was necessary to move the 
screens with an irregular motion to average out 
the effect of moire patterns. This gives rise to 
three kinds of errors. (a) Intermittency effect of 
the photographic plate introduces an error be- 
cause of the small variations in the intensity due 
to the motion of the absorbing screens. This 
variation is under 10 percent and results in an 
intermittency error of less than 1 percent.'® (b) 
The error due to the diffraction of light in 
passing through the screens was reduced to a 
minimum by removing the slit, flooding the 
grating with light. (c) The error due to lack of 
achromatism is negligible. Landsberg" has found 
wire screens to be neutral in their absorption to 
within 1 or 2 percent over the wavelength region 
from 2000A to 5000A. 


III. ReEsULTs 


In Table I and Table II observed intensities 
of the lines of each multiplet have been compared 
with the theoretical relative intensities” calcu- 
lated for Russell-Saunders coupling. The nota- 
tion here used is that given by Bacher and 
Goudsmit." 


Chromium I 

Multiplet a’D—y*D® (3d‘ 4s?—3d* 4s(4D) 4). 
Some of the abnormally high intensities may be 
attributed to overlapping ghosts. Other anoma- 
lies may arise from perturbations between the 
terms of y'D® and y°F® which overlap. 

Multiplet a’ D —x*D® (3d* 4s*— ?). Line 2889.3A 
of this multiplet is coincident with 2889.2A of 
a*‘D—z'D® of Cr II. The observed intensity was 
arbitrarily divided so that the latter line would 
be approximately normal. The results show both 
lines to be normal. The self-reversal curves of 
a’D—w' P*, a6D—x*D®*, and a'D—y'*D* are similar 


1G. R. Harrison, J. O. S. A. 18, 492 (1929). 
“! |Landsberg, Zeits. f. Physik 46, 106 (1927). 
2H. E. White, Jntroduction to Atomic Spectra, p. 205 


el seq. 
18 R. F. Bacher and S. Goudsmit, Afomic Energy States, 
McGraw-Hill, 1932. . 
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TABLE I. Chromium I. I.»,., observed intensities after applying corrections for background, self-reversal, »*, and varia- 
tion in sensitivity. /*, intensity measurements by C. E. Hesthal. 


Wavelength Transition | oo Deke I* 
Multiplet a’D—yD® 
3005.1 4-3 359 522 490 
3000.9 3-2 478 593 578 
2996.6 2—1 419 502! 480 
2992.0 1—0 240 274! 269 
2986.5 4—4 1790 821 1600 | 
2986.1 1—1\ . 
2986.0 3-3 900 803 : 1060 
2985.9 2-2 299 296 } 
2980.8 0-1 240 242 222 
2975.5 1—2 419 362 337 
2971.1 2-3 478 409 423 
2967.6 3-4 359 359 365 
Multiplet a’D —x*D® 

2911.1 4-3 115 118 
2910.9 3-2 154 175 
2909.1 2-1 134 160 
2905.5 1—0 77.0 87.6 
2899.2 1—1 19.2 29.9 
2896.8 2—2 96.2 130 

0-1 77.0 74.1 


2894.2 


1 Superimposed ghost. 


because all three multiplets have the same lower 
term, a°D. The terms a’D, x’P°, and 2°G° overlap 
x°D°®; and there are other terms lying close 
enough to x°D® to cause anomalous intensities. 
Multiplet a D—w'P® (3d‘ 4s?— 
ment between the observed and calculated in- 
tensities is good throughout the entire range of 
intensities from 10 to 250, with one exception 


?). The agree- 


which is explained by a superimposed ghost. 
The self-reversal curve of this multiplet resembles 
that of a&’D—xD® and a'D—yD® because the 
three multiplets have the same lower term. 
Multiplet a’S—w'P® (3d°(°S)4s—?). The ob- 
served well the 
theoretical intensities in this multiplet, which 
would indicate that the type of coupling is 
Russell-Saunders, and that the 
involved are quite free from perturbations al- 
though w*®P® is only 40 cm from y°G® and 407 
cm” from v°P®. Russell-Saunders coupling seems 
to hold completely although the separations in 
the levels of w*P® are in the ratio of 3 : 2.5 
3:2 as predicted by the Landé 


intensities agree very with 


energy levels 


instead of 
interval rule for Russell-Saunders coupling. Both 
Frerichs and Harrison failed to find a 
correlation between deviations from the intensity 


have 


rules and deviations from Landé’s rule in the 
iron group. 


Wavelength Transition | on Tebs r 
2893.2 3—3 269 269 
2889.3 4—4 577 581? 
2887.0 1—2 134 99 3 
2879.3 2-3 154 91.5 
2871.6 3-4 115 55.8 

Multiplet aD—w'P® 
2780.7 4-—3 237 237 
2769.9 3-—2 123 125 
2764.3 3-3 61.4 71.0! 
2761.7 2-1 46.0 48.2 
2757.1 2—2 76.8 81.5 
2752.9 1—1 59.2 57.7 
2751.6 2—3 8.76 9.24 
2748.3 0O— 
2748.2 lmJ £6.0 43.9 

Multiplet aS—uwP* 
2736.5 2-1 45.2 45.0 
2731.9 2-2 75.3 74.5 
2726.5 2-3 105 105 

? Two coincident lines—intensity arbitrarily div 

Chromium II 
Multiplet atD—2‘F° (3d*(®D)4s —3d*(®D)4p). 


The first-order ghost of the comparatively strong 
line 3147.2A falls 3145.1A causing an 
abnormally high the latter 
intensity. The nearest energy level to z‘F” is 
y' Ps i 1878 cm). Appreciable 
perturbations may exist between the 
levels of these two terms. However, the observed 
intensities of this multiplet with the 
theoretical values much better than in the case 
of the multiplet a*F—2‘G®, in which a perturbing 
term y'D® is only 231.8 cm™ removed from 
z'G®. The self-reversal curve of the above multi- 
plet is quite similar to the curve for a‘D—2‘D*, 


upon 


reading for line 


(separation, 
energy 


agree 


since both have the same lower term. 

Multiplet atP—y'D®. Intensities of two lines 
are missing from this multiplet because they 
were weak to The 
observed intensities in this multiplet show good 


too measure accurately. 
agreement with the calculated values. 
Multiplet atF—2'G® (3d*(?F)4s —3d*4p?) 
transition a*Fs5.—2'G*;,,2 is not listed 
the level 2'G®,,,. has not been identified. The 


The 


because 


energy levels 2'G®;;2 and y‘D°; , are only 332 cm 
Johnson," 


apart. According to Harrison and 


M. H Rev. 


14 (,. 


38, 757 


Johnson, Jr., Phys 


R. Harrison and 
1931). 
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variation in sensitivity. /*, intensity measurements by C. E. Hesthal. 


Wavelength 


929 


observed intensities after applying corrections for background, self-reversal, »', and 





Wavelength Transition I theor obs 
Multtplet a*D — 3s‘ F® 
3159.1 7/2— 5/2 4.83 3.6 
3147.2 7/2— 7/2 100 102 
3145.1 5/2— 3/2 6.89 10.8! 
3136.7 5/2— 5/2 128 123 
3132.0 7/2— 9/2 861 855 
3128.7 3/2— 3/2 96.5 108 
3125.0 §/2— 7/2 589 589 
3120.4 3/2— §/2 386 404 
3118.7 1/2— 3/2 241 264 
Multiplet a*P—y'D 
3011.4 5/2— 3/2 1.37 ‘ 
2984.7 3/2— 1/2 2.28 ‘ 
2976.7 5§/2— 5/2 12.4 8.95 
2961.7 3/2— 3/2 14.6 15.4 
2953.4 1/2— 1/2 11.4 11.5 
2935.1 5/2— 7/2 54.7 54.7 
2930.9 1/2— 3/2 11.4 11.7 
2928.2 3/2— 5/2 28.7 27.4 
Multtplet at F—2'G 
2941.4 7/2— 5/2 2.41 9.99 
2937. 9/2-— 7/2 » ~ 
037.0 5/2— 5/2 2.1 107 
2934.0 3/2— 5/2 436 318 
2932.7 7/2— 7/2 92.0 83.0 
2928.3 5/2— 7/2 583 693° 
2926.2 9/2— 9/2 70.2 72.4 
2921.8 7/2— 9/2 777 311 
Multiplet a‘D —sz'D 
2889.2 7/2— 5$/2 36.9 38.8 
2880.9 5§/2— 3/2 46.5 49.7 
2876.0 7/2— 7/2 225 227 
2873.8 3/2— 1/2 32.8 32.0 
2870.4 5/2— 5/2 113 114 
2867.1 3/2— 3/2 52.0 68.9! 
2865.3 1/2— 1/2 32.8 35.6 
2858.7 1/2— 3/2 32.8 31.0 
2857.4 5§/2— 7/2 36.9 14.3 
2856.8 3/2— §/2 46.5 10.4 
! Superimposed ¢ 

? Two coincident es ntensity arbitrarily divided 

? Uncertain because of strong neighboring line 


appreciable perturbations may exist between 
levels in Ti I that are separated by as much as 
2000 cm~', and weaker lines will show a greater 
percentage deviation from their normal intensi- 
ties, when there is a weak spin-orbit interaction 
such as exists in the chromium atom. The first 
line in the above muiuplet illustrates this case. 

Multiplet atD—z2'D® (3d*(®D)4s—3d*(*D)4p). 
Line 2889.2A of this multiplet is coincident with 
2889.3A of a D—x°D 
arbitrarily divided so as to make the former line 


The intensity reading was 


approximately normal. The observed intensities 


Transition | | me I* 
Multiplet a*D —s F* 
2878.5 9/2— 7/2 14.4 32.1 < 89.6 
2878.0 7/2— 5/2 33.2 82.9 <89.6 
2876.3 5/2— 3/2 47.1 136 <89.6 
2873.5 3/2— 1/2 43.8 95.5 <89.6 
2867.6 1/2— 1/2 347 328 347 
2866.8 3/2— 3/2 536 471 496 
2865.1 5/2— 5/2 621 610 568 
2862.6 7/2— 7/2 582 582 533 
2860.9 1/2— 3/2 203 269 275 
2858.9 9/2— 9/2 379 417 424 
2855.7 3/2— 5/2 517 555 525 
2849.8 5/2— 7/2 967 924 741 
2843.2 7/2— 9/2 1580 1240 930 
2835.6 9/2—11/2 2350 2050 1100 
Multiplet MG — y‘H® 
2838.1 9/2— 7/2 .039 2.05 
2832.2 11/2— 9,2 .028 ‘ 
2830.3 7/2— 7/2 1.61 ‘ 
2826.2 9/2— 9/2 2.45 2.45 
2822.0 5§/2— 7/2 18.3 18.1 
2818.4 7/2— 9/2 22.8 22.6 
2818.0 11/2—11/2 1.61 1.7 
2812.0 9/2—11/2 28.3 29.0 
2800.8 11/2—13/2 35.0 29.1 
Multiplet a’D—z*P* 
2766.5 9/2— 7/2 703 694 523 
2762.6 7/2— 5/2 361 402! 353 
2757.7 5/2— 3/2 131 164 171 
2751.9 7/2— 7/2 201 208 209 
2750.7 5§/2— 5/2 256 256 236 
2749.0 3/2— 3/2 199 199 199 
2743.6 1/2— 3/2 140 122! 133 
2742.0 3/2— 5/2 83.8 100'. * 133 
2740.1 5/2— 7/2 33.4 33.0 36.6 
Multiplet a*D—#D** 
2691.1 9/2— 7/2 119 108 
2677.2 9/2— 9/2 
2677.2 7/2— 7/2 827 687 
2677.2 5/2-— 5/2 
2666.0 5/2— 7/2 167 167 
2663.4 7/2— 9/2 119 128! 
‘Very weak lime 
‘Incomplete multiplet because of unknown term values 
* Overlapping line 


of the lines 2857.4A and 2856.8A in this multiplet 
are not dependable because strong adjacent lines 
interfered with the densitometer readings. The 
remaining line intensities are in fair agreement 
with the theoretical values. This indicates a lack 
of perturbations which is to be expected since 
the nearest known energy level to 2‘D® is 2‘F"; 
and the separation is 2475 cm™. The self-reversal 
curves of at‘D—2‘D® and a‘D—2z‘F* are quite 
similar. This is to be expected, since both 
multiplets have the same lower term. 

Multiplet a®D—2F*® (3d*(®D)4s—3d*(*D)4p). 








930 . $ Ve ALLER 
As in multiplet a‘ — z‘G® the observed intensities 
of the weak lines differ greatly from the calcu- 
lated values. The correlation between Hesthal's 
observed intensities and those of the present 
observers is especially poor for both the weaker 
and stronger lines. No explanation of this dis- 
crepancy was found. 

Multiplet b‘'G—y'II® (3d*(®G)4s —3d*(°'G)4p). 
Two indicated lines of this multiplet are too 
weak to be measured on the densitometer. There 
is practically no self-reversal in this multiplet 
because b'G is the highest term value of all 
known even terms; and, hence, it should be 
poorly populated with electrons. Consequently, 
there are fewer absorption transitions upward 
from 5'G to y'/7°. As in the multiplets a‘¥—2'G°® 
and a*D—2‘*F*, we find an anomalous intensity 
for the weak line. 

Multiplet a®D—2#P® (3d*(@D)4s—3d'(eD)4p). 
There are three cases of superimposed ghosts 
and one case of an overlapping line which help 
to explain some of the anomalous intensities in 
this multiplet. 

Multiplet a®D—2#D® (3d‘(®D)4s—3d‘(°D)4p). 
Five of the seven lines missing from this multiplet 
involve the levels of 2°D° for which J equals 1/2 
and 3/2. The term values of these two levels 
were not known, and so the wavelengths could 
not be calculated. The observed intensity of the 
three superimposed lines is much less than the 
sum of the three corresponding theoretical in- 
tensities. The explanation of this may be that 
the three lines are not exactly superimposed. 

Sextet supermultiplet a*‘D—2*F*, a®D—2*D°, 
a’D—2zP*. The multiplets forming this sextet 
supermultiplet have already been considered but 
the intensity data of such a supermultiplet may 
be used to compute the theoretical temperature 
T of the arc by means of the formula,” 7 
=(0.625Ac/logyw R, where 7 is the absolute tem- 
perature of the arc, Ao is the wave-number 
separation of the levels of the upper term, and R 
is the excitation factor. R is the factor by which 
the sum of the observed intensities of all lines 
originating in the same upper level is multiplied 
to make it equal to the sum of the corresponding 
theoretical intensities. The higher the level, the 
greater will be the value of R, because of the 


%G. R. Harrison, J. O. S. A. 19, 109 (1929). 
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Fic, 1, Excitation curve for the sextet supermultiplet. 


decreasing electronic population of the higher 
levels. When the values of logy R are plotted 
against the corresponding wave-number separa- 
tions Ao of the upper levels, the points"* fall 
along a straight line (Fig. 1) which demonstrates 


TABLE III. Excttation corrections in the sextet Super- 


multiplet. Ioy,., observed intensities after applying cor- 
rections for background, self-reversal, v‘, and variation in 
sensitivity. R, excitation factor. J., observed intensities 
corrected for excitation. 


| 


Wavelength Transition Tebs. R I. 

Multiplet a®*D—z°F° 
2878.5 9/2— 7/2 32.1 0.872 28.0 12.5 
2878.0 7/2— 5/2 82.9 816 67.6 29.2 
2876.3 §/2— 3/2 136 .778 106 41.1 
2873.5 3/2— 1/2 95.5 757 72.3 38.2 
2867.6 1/2— 1/2 382 757 248 303 
2866.8 3/2— 3/2 471 .778 366 367 
2865.1 5/2— 5/2 610 816 498 542 
2862.6 7/2— 7/2 582 .872 507 507 
2860.9 1/2— 3/2 269 .778 209 177 
2858.9 9/2— 9/2 417 .947 395 331 
2855.7 3/2— $/2 555 816 453 450 
2849.8 §/2— 7/2 924 872 805 850 
2843.2 7/2— 9/2 1240 .947 1170 1380 
2835.6 9/2-—11/2 2050 1.05 2150 2050 

Sum 7075 

Multiplet a®D—z*P° 
2766.5 9/2— 7/2 694 1.43 993 1040 
2762.6 7/2— 5/2 402 1.37 551 536 
2757.7 §/2— 3/2 164 1.32 217 194 
2751.9 7/2— 7/2 208 1.43 298 298 
2750.7 §/2— 5/2 256 1.37 351 379 
2749.0 3/2— 3/2 199 1.32 263 295 
2743.6 1/2— 3/2 122 1.32 161 208 
2742.0 3/2— §/2 100 1.37 137 124 
2740.1 5/2— 7/2 33.0 1.43 47.2 49.6 


Sum 3018 


16 Seven of the thirteen lines of multiplet a‘D—z*D® are 
missing, and the remaining meager data are not used in 
the calculation of the arc temperature. 
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the existence of an excitation function. The 
slope of this line determines the calculated 
temperature of the chromium arc, which was 
4060°K, with a current of 2.4 amperes and a 
pressure of 7 to 15 cm of mercury. 

By multiplying the intensities by the proper 
values of the excitation factor R, as determined 
from the excitation curve, we obtain the intensi- 
ties that would have been observed if the 
temperature of the arc had been infinite. This 
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excitation correction is applied only to this 
supermultiplet; and the results are reported in 
Table III. Since this correction applies only to 
multiplets having the lowest term a*D, it cannot 
be applied to the data on other multiplets here 
reported. 

Grateful acknowledgment is made by one of 
us (J. S. V. A.) to the Ohio State University and 
the Charles A. Coffin Foundation for fellowships 
which made this research possible. 
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Note on the Relative Transition Probabilities for Almost Closed Shells 


C. W. Urrorp, Allegheny College 


>> 


(Received February 27, 1935) 


Three simplifications are given for calculating the relative transition probabilities of different 
multiplets from spectroscopic stability. They apply to configurations involving almost closed 


shells in Russell-Saunders coupling. 


HE calculation of the relative transition 

probabilities of different multiplets in Rus- 
sell-Saunders coupling from spectroscopic stabil- 
ity! can be simplified for electron configurations 
involving almost closed shells, so that transition 
probabilities for these configurations may be cal- 
culated as easily as those for the configurations 
containing the electrons missing from the almost 
closed shells. This simplification for transition 
probabilities is of the same type as that given by 
Shortley? for the energies. The simplifications 
apply to calculating the matrix elements of the 
electric moment in the zero order scheme. The 
first simplification is to represent the almost 
closed shells present in the zero order state by 
the quantum numbers of the electrons missing 
from these shells. This means that the represen- 
tations for the states containing almost closed 
shells are obtained simply by changing the signs 
of m, and m, in the states of the electrons re- 
quired to complete the shells. 


'E, U. Condon and C. W. Ufford, Phys. Rev. 44, 740 
(1933); C. W. Ufford and F. M. Miller, Phys. Rev. 46, 
283 (1934). 

2G. H. Shortley, Phys. Rev. 40, 185 (1932). 


In the second place, it is necessary to write the 
zero order states of but one of the two electron 
configurations’ between which a single electron 
jumps. For simplicity, one chooses from the 
LSM,Ms scheme the configuration with the 
fewer terms. It is possible to simplify the calcu- 
lation further by writing only one zero order 
state for each set of values of m,. The group of 
states with this set of values of m,, obtained for 
different sets of values of m,, will give multiples, 
constant throughout the matrix, of the matrix 
elements of a single state of the group. Once 
these numbers are found by inspection of a single 
group of states with a given set of values of mt), 
they may be used as factors for each subsequent 
set of m, values, having the same number of sets 
of m, values associated with it. These simplifica- 
tions enable one to alter the states already used 
previously for partially filled shells, so that the 
relative transition probabilities for the multiplets 
of the corresponding almost closed shells may be 
calculated from them. 


+L. Goldberg found that this was sufficient for the case 
where a closed shell was represented by all its electrons. 
It is also sufficient for the representation considered here. 
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The Band Spectra of the Hydrides of Lithium 


F. H. CRAWFORD AND T. JORGENSEN, JR., Physics Research Laboratory, Harvard University 
(Received April 5, 1935) 


About 1000 lines, comprising 26 bands, of Li’H have 
been remeasured and given quantum assignments. The 
experimental arrangements are similar to those given in 
Part I on Li’D. The corresponding A»F,(J) values have 
been represented as polynomials of the usual form in 
J(J+1), where the ground state data are represented to 
within +0.018 and the upper state data to within +0.021 
cm™ (i.e., to within roughly +0.0024A for the whole 
spectrum). Constants. Important constants for the ground 
state are B,” =7.5131, D,’’=—8.617X<10", H.’’=11.4 
107%, w.’’=1405.605, x.'’w,’’ = +23.20 Yew," = 
+0.1633; corresponding constants for the upper state 
although less certain because of the errors of extrapolation 
(which are greater than for LiD) are in order 2.8186, 
15.8X10~*, 100( +30) X 107%, 234.41, —28.95 and —4.185. 
The constants for the ground state show a small dis- 


and 


INTRODUCTION 


N a previous paper of the same title as the 

present (Part I') the authors have presented 
the results of observations on the absorption 
spectrum of Li’D. The corresponding spectrum 
of Li’H having been reexamined in similar detail, 
the numerical results and intercomparisons will 
form the subject matter of the present paper. 
A more detailed examination of the potential 
curves of the 
Part III. 

The absorption photographs were made with 
the same apparatus as previously employed and 


two molecules is reserved for 


under similar conditions, where, however, be- 


cause of the more nature of both the 
vibrational and rotational structure of the Li’H 
bands a somewhat greater range of temperatures 
was employed. The higher temperatures and the 


rendered 


open 


lighter mass of the molecule both 


the lines somewhat broader and therefore in- 


' Crawford and Jorgensen, Phys. Rev. 47, 358 (1935). 
In this connection the following corrections should be 
made in Part I (as the result of subsequent remeasure- 
ment). In Table IV for vo’ =3, H,.”X10** should be 1.6 
instead of 1.85 and the average deviation +0.20 instead 
of +0.027. This then requires that Eq. (14) now read: 
H,"’ X 10° = 2,006 —0.090(v"’ + 4) —0.005(0’’ + 4)?(+0.01 
Also the horizontal scale readings for the insert in Fig. 3, 
except for the value v’’ = —4, should be lowered by unity. 


crepancy between p and w,'/w,., and p* and B,*/B,. In 
fact from these two ratios we find Ap=+0.000143 
(+0.00003) and Ap=+0.00020 (+0.00006), 
plus sign indicates the fact that the observed p's are these 
amounts greater than the atomic mass p values. Con- 
sideration of Dunham's higher order calculation of the 
interaction of vibration and rotation accounts for about 
1/3 of the discrepancy in the p from the ratio of the B,’'s. 
The vibrational numbering adopted here agrees with 
Nakamura’s and is such that the maxima in the B,’ and 
AG’(v+1) curves occur at energies which are approximately 
the same for the LiH and the LiD molecule. We find no 
evidence of l-uncoupling and feel that the anomaly of the 
upper state is to be ascribed to an anomalous potential 
curve. The electronic origin isotope shift of this ('=-+'Z) 
system of LiH is 0.0(+90.5) cm 


where the 


increased the difficulty of precise measurement. 
This was in part compensated for by measuring 
each lower state progression of bands on plates 
taken at temperatures just adequate for de- 
veloping the lines in question. In any event the 
maximum J, v’ and v”’ values observed for Li’H 
were in order, 18, 14 and 3 as against 25, 18 and 4 
for Li’D. The smaller number of rotational lines 
observable in a branch of course renders the 
higher coefficients in the rotational energy ex- 
pression more uncertain in the present than the 
former case. On the other hand it was possible 
to obtain several well developed bands involving 
the v’=1 state and one rather faint band in- 
volving the v’=0 state. Furthermore, since the 
upper 'S state involves a larger molecular radius 
than the that 
(0,v’’) bands should be more strongly developed 


lower 'S state it is apparent 
in emission than absorption. Accordingly several 
emission photographs were made with a metallic 
lithium arc burning in hydrogen. These were 
quite difficult to obtain because of the general 
faintness and the frequent delays for replenishing 
the evaporated lithium. One 24-hour and one 6- 
hour however, gave the (0,5) and 
(0,6) bands with satisfactory intensity. Com- 


the two plates 
l 


exposure, 
parison of measurements on 
showed unfortunately a shift of about 0.10 cm 
Since this shift was quite small and fairly uniform 
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TABLE |, Vacuum frequencies of ‘= —'2 bands of Li H. 


(2-2) BAND (4-2) BAND (5-1) BAND 

22,000 cm 22,000 cm™~'! 24,000 em™ 
J RiJ) P(J) RJ) P(J) RiJ) P(J) RiJ) 
0 1868.26 2556.74 - = 1612.99 
1 — 1848.52 554.43 2234.62 2217.31 610.12 
2 855.33 826.38 543.83 2514.92 223.15 194.32 598.57 
3 836.56 796.12 525.16 484.66 162.83 578.52 
4 809.61 757.8 498.28 446.36 174.56 122.71 549.69 


5 774.47 711.46 465.21 400.03 137.37 074.35 §12.25 
¢ 


(6-1) BAND 
25,060 cm™ 


(13-0) Bano 
28,000 cm™ 
RiJ) P(J) 


(11-0) BanpD 
28,000 cm™ 
Ri(J) P(J) 


(10-0) BAND 
27,000 cm™ 
P(J) RiJ) P(J) 


2524.75 - 1915.76 - 2690.73 

521.02 2504.44* 911.86 1895.48 686.51 2670.60 
1569.85 508.02 480.35 898.61 871.34 672.66 646.27 
538.28 485.70 447.07 876.00 837.94 649.35 612.48 
498.20 454.18 404.60 844.06 795.26 616.54 569.25 


449.62 413.41 352.98 802.85 743.30 574.26 516.69 


) 657.07 420.38 345.70 091.69 2017.43 466.48 392.56 363.56 292.39 752.40 682.29 §22.57 454.75 
7 679.70 594.71 368.91 283.44* 2037.46 1952.17 412.05 327.16 304.43 222.72 692.77 612.20 461.50 384.07? 
8 620.08 524.40 309.65 213.43* 1974.83 878.64 349.20 253.49 236.34 144.14 624.04 $33.21 391.14 303.30 
9 $52.32 446.20 242.42 135.44 903.76? 796.97 277.93 171.59 159.24 2056.74 546.20 445.12 311.58 213.83 
10 476.48 360.19 167.24 2049.80 824.43 707.12 198.41 1081.51 2073.27 1960.72 459.39 348.26 222.83 
11 392.56 266.41 2084.19 1956.76 736.83 609.61 110.53* 0983.53 1978.52 855.93 $63.56% 242.95 125.02 2008.21 
12 300.67 164.93 1993.34 855.72 641.05 503.50 1014.59 877.39 876.39 742.87* 259.30 128.83 2018.36 1892.27 
13 1055.80 894.74 747.42 537.22 389.86 0910.43 763.58 762.97 621.19 146.15 1006.38 1902.82 767.74 
14 1093.05 0939.11 788.46 631.78 425.38 268.57 798.48 642.03 642.39 1024.52 0874.99? 778.56 634.71 
15 0977.42 815.00 674.67 508.87 305.68 140.05 513.29 513.47 353.05 0894.44 645.75 493.27 
16 854.04 683.40* 552.82 378.81 178.15 1003.26 551.00 376.33 376.34 207.59 756.02 - 504.44" 343.67 
17 722.98 544.50 424.68 - 1042.90 0859.45 415.65 231.06 1053.84 354.81 186.02 
18 584.34 288.71 1097.64 0900.22 708.48 1077.87 0892.44 197.03 1020.56 
19 1145.59 0946.50* 750.03 550.42 0916.94 723.59 1031.23 0847.28 
20 0995.44 789.33 592.54 385.41 747.87* O858.90* 666.54 
21 838.42 625.24 427.64* 213.43* 676.27 

2 674.59 256.26 


it was not thought that it could affect the 
accuracy of the A:F(/J) values appreciably. 
Accordingly the A:/(/) values accepted for final 
computation of the rotational constants of the 
v’=0 state were averages of the absorption and 
emission results. The emission spectra being less 
sharp and involving much more superposition 
(both due to the higher temperatures involved), 
the emission data were not employed elsewhere. 

All told the vacuum frequencies of about 1000 
lines were determined including 13 bands of the 
(v’,0), 6 of the (v’,1), 5 of the (v’,2), 2 of the 
(v’,3) progressions and one faint band each of 
the (v’,5) and (v’,6) progressions. In general the 
results agree with those of Nakamura’ made at 
a much lower dispersion, but individual assign- 
ments of lines differ considerably and vacuum 
frequencies often by several cm~'. In some cases 
indeed we have been forced to conclude that 
certain of Nakamura's bands (notably the (0,2) 
band) were merely accidental sequences of lines, 
many being unresolved superpositions, which on 
our plates are resolved and obviously members 
of entirely different bands. The result of course 
is to involve considerable differences in the 
molecular constants and computed origins (see 
Table VIII. Also compare column 2 of Table XI 
with Tables VII and VIII of Part I). In general, 


? Nakamura, Zeits. f. Physik 59, 218 (1930). 


however, the differences are only such as the 
higher dispersion and the constant use of den- 
sitometer results would cause. Actually the 
densitometer records made on plates taken at a 
series of temperatures were, as in the case of 
LiD, of the very greatest aid in the analysis of 
the plates, enabling correct rotational assign- 
ments in a majority of cases to be made de novo 
from the records before any actual vacuum fre- 
quencies had been determined. 

In Table I are recorded vacuum frequencies 
of some of the stronger bands of Li’H (corre- 
sponding to the data in Table I, Part I for 
Li’D), where as before the number at the head 


TABLE II. Values of d:Fo’'(J). 


10,0) (13,0) AVERAGE OF ALL AVE 
J BAND BAND (o’,0) Banps Ops 
1 44.40 44.46 44.43 0.022 
2 73.93 73.94 + 005 
3 103.42 103.41 103.39 — OR 
4 132.72 132.66 132.66 O14 
5 161.78 161.79 161.78 - O44 
6 190.69 190.68 O04 
7 219.27 219.27 + 0390 
8 247.69 247.67 247.65 009 
9 275.62 275.64 + OOS 
10 303.31 3.37 303.28 + OOO 
11 430.56 430.56 043 
12 357.30 357.28 357.34 oa 
13 383.65 383.67 + 01 
i4 409.55 409.54 010 
15 434.80 434.89 434.86 + O11 
1¢ 459.63 459.73 459.69 O05 
17 483.90 483.91 + 029 


Ave. +0.013 
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of each pair of columns is to be added to the 
figures below to give the vacuum frequencies of 
the desired branch This includes about 
one-fourth of the measured lines. 


lines. 


ROTATIONAL CONSTANTS 


As in Part I the corresponding A:/,(/) values 
were computed and expressed as 


AsF,(J)=[B,—3/2D,+--- &(J+}) 
—[2D,—17/2H, A(J+4)>+127,(J+4)®+--- (1) 
or more simply 

A2F,(J) 


—=a,"—a,'(J+})*+a,7(J+4)4, (2) 
4(J+4) 


where the intercept of the curve of experimental 
A2F/4(J+4) values against (J+4)? with the 
(J+4)?=0 axis gave a,°. Here, however, because 
of the larger numerical values obtained for LiH 
it was not feasible to determine a,' and a,? from 
the same graph. Actually it was just as rapid 
and rather easier to plot a second curve with 


[42F,(J)/4(J +4) —a.°)/(J+4)? 


as ordinates and (/+ 4)? as abscissae. The inter- 
cept of this second curve at (J+ 4)*=0 then of 
course gave a,' and its slope a,*. When the 
coefficient a,? was large it was then often de- 
sirable to replot 


[AeF,(J) —4a,2(J+4)*]/4(J+4) 


and obtain a more trustworthy value of a,° and 
hence better a,' and a,” values by the second 
step. From these constants ‘theoretical’ A»F, 
values were computed and the differences be- 
tween these and the observed A,F, values de- 
termined. Occasionally where small systematic 
deviations seemed to be present a better repre- 
sentation was then obtained by slight empirical 
adjustments of the constants. This at times 
indicated that too much graphical “‘weight’’ had 
been given to values of A,F(/) (for low J values 
usually) which were computed from very faint 
and uncertain lines. In any case the amount of 
adjustment possible without perceptible altera- 
tion of the accuracy of representation of the 
data, gave a rough indication of the reliability 


AND 





T. JORGENSEN, JR. 
of the constants themselves. Here again as an 
illustration of the accuracy of the representations 
two typical sets of measured A:F values are 
given in Tables II and III with deviations from 
the computed values in the last column. The 
values of B,, D, and H/, for the ground ' state 
and the upper '> state of Li’H are given in 
Tables IV and V. Here the average deviations of 
observed and calculated A:F values are recorded 
in the last column of each table. The average 
deviations are for the ground state +0.018 cm” 


TABLE III. Values of AsF,'(J). 
Ons (oes 

J AeF s(J/) CALC 
1 (16.95) + 0.036 
2 28.26 + O15 
3 39.52 003 
4 50.71 025 
5 61.80 + O18 
6 72.75 008 
7 83.57 007 
& 
9 104.80 + O18 
10 115.20 — 030 
11 125.36 — 033 
12 135.28 — .014 
13 145.03 — 003 
14 
15 
16 172.50 + .030 

Ave. +0.019 


TABLE IV. Rotational constants for lower ‘= state of Li'H. 
AVE. AoFy”’ CALE 
B,”’ — Dy" K 104 H,"’ X 108 A:F,”’ OBS 
(—}) (7.5131 (8.617) 11.4 
0 7.4067 8.537 11.08 +0.012 
1 7.1950 8.377 10.25 + .O15 
2 6.9848 8.216 9.17 + O14 
3 6.7782 7.95 7.8 029 
Ave + 0.018 
TABLE V. 
AVE. AoF’ CA 
B,’ D 10-* H, 10 — Ask E 
(—4) 2.8186 15.8)* 100 +30 
0 2.8536 11.87 93 +-0.019 
1 2.8897 7.837 23.6 012 
2 2.9044 6.295 10.9 017 
3 2.9083 5.477 7.47 012 
4 2.9057 5.039 6.23 017 
5 2.8959 4.73 5.42 020 
6 2.8804 4.51, 5.05 026 
7 2.8589 4.30 4.04 O15 
X 2.8333 4.19 4.08 019 
Q 2.8022 4.05 3.4 032 
10 2.770 4.10 4.87 02 
11 2.7322 4.07 5.2 02? 
12 2.6895 4.07 6.3 016 
13 2.6442 4.17 7.2 031 
14 2.5942 4.12 6.67 023 
Ave. +0.021 
* or 16.3 X 10~* (see text) 
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and for the excited state +0.021 cm™, indicating 
an uncertainty substantially that of the data in 
Part I. 

The rotational constants of Table IV are 
represented. by the following expressions (where 
u=v+}): 


B,” =7.5131 —0.2132u+0.00075u*, (3) 
—10** D,”’ = +8.617 —0.1590u—0.0005u*, (4) 
10° HH,” =11.40—0.58u —0.125u?. (5) 


The uncertainties in the values of B,”’, D,” and 
H,"’ are estimated as roughly +0.0003, +0.01 
x10-* and +0.1 107, respectively. 
To test Kratzer’s relation, 
— D,=A4(B,)°/a? (6) 
values of 4B,*/w,? were plotted against v and 
extrapolated to v= —}, and a similar procedure 


was used for testing Birge’s approximate re- 
lation,’ 


H,=(D,/B,)(2—aw,/6B,*). (7) 


The results are given in Table VI (where 


TABLE VI. Theoretical relations among ground state constants 
of Lv H and LiD. 


THEOR Li'H Li’D 
Eo COoNsT Oss. Comp. Ops Comp 
(6) D,"’ x 104 8.617 8.586 2.756 2.728 
(7) H,"’ x108 11.4 11.0 2.07 1.97 
(8) —ai 0.2132 0.2478 0.09198 0.1062 
(9) —o1 0.2132 0.1823 0.09198 0.0782 
(10) 8: x 10¢ 0.159 0.139 0.066 0.034 


similar results for Li’D are included). In Table 
VI are also included computed values of a, 
(the coefficient of u in Eq. (3)), from Kratzer’s 
approximate relation‘ 


a,=2B.x, (8) 
as well as from a more recent expression given 
by Pekeris,° 

a; =2x.B[3(B./xm.)'—3(B./xw.)] (9) 
and in addition values of 8; (the coefficient of u 


in Eq. (4)) from the approximate relation given 
by Birge.* 


3 Bull. Nat. Res. Counc. (Ed. by E. C. Kemble, 1926), 


p. 237; Birge, Nature 116, 783 (1925). 
‘ Kratzer, Zeits. f. Physik 3, 289 (1920). 
5 Pekeris, Phys. Rev. 45, 98 (1934). 
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Fic. 1. Curves of B,”’ for Li’H and Li’D. The extra- 
ordinarily rapid rise and fall of the first curve is particu- 
larly noteworthy. The maxima of the two curves occur at 
approximately the same energy as we should expect if the 
anomalous B, behavior is to be ascribed entirely to 
peculiarities in the potential energy curve. Here (»,'+ 4) 
=p(v2'+4). 


8,=D [w.a;’ 24B'+5a; B,—8x, }. (10) 


It is to be noted that Eq. (6) is satisfied to within 
almost the experimental uncertainty and that the 
agreement of results with Eqs. (7) and (10) is 
probably as good as the approximations under- 
lying their theoretical deduction and the experi- 
mental uncertainty would warrant. On the other 
hand Eq. (8) gives values as much above the 
observed ones as Eq. (9) does below. This fact 
will be considered later. 

The rotational constants of the upper '2 state 
of Li’H vary even more radically with vibration 
than do those of Li’D, in fact so rapid is the 
change for low values of uw that least-squares 
expressions computed for the observed range of 
vibration are of very little theoretical value. 
In order, however, to obtain approximate values 
for B,’, D,’ it was necessary to obtain such 
expressions for a small range of v’ values near 
the origin. Actually the constant terms so de- 
termined depend rather strongly on- the precise 
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Fic. 2, Test of Kratzer’s Eq. (6) for Li’H. Here the 
dotted curves are drawn from least-squares curves com- 
puted from the first 7D,’ values with Do’ =(11.87+0.3) 
x10 and (11.87—0.3)10~', respectively. Since the extra- 
polation is so uncertain we can only infer that Kratzer’s 
relation is approximately true. 


number of observations used and are in con- 
sequence much more in doubt than the general 
precision of the data would suggest. 

The expression for B,’ for LiH (with the first 


6 values) is 
B,’(LiH) = 2.8186+-0.078305u 


— (0.02627 1u?+-0.0041648u*'—0.000275u* (11) 


where the uncertainty in B,’ may be as high as 
+0.005. (See Fig. 1 where B,’ for LiH and LiD 
are shown for comparison.) 

The same difficulty arises in a more aggravated 
way in attempting to test Kratzer’s Eq. (6). 
We have, however, proceeded as in the case of 
Li’D, estimating the uncertainty of D,’ as 
+0.510~ and drawing the dotted extrapola- 
tions in Fig. 2 curve I of the experimental results 
(with the first 7 points only). It is seen that at 
v= —} curve II falls well within the dotted 
branches of I. Despite the irreducible uncertainty 
involved in such a process we feel justified in 
assuming that there is no experimental evidence 
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of the failure of Eq. (6) and hence of the presence 
of l-uncoupling. We may therefore presume to 
take as the most likely value of D,’, the intercept 
of curve II, giving D,’= 16.3 x 10-*(+0.1).® 

The values of //,’ (for LiH) exhibit an even 
more marked variation with v’ than do those of 
D,’, and because of the much greater uncertainty 
of 17,’ (say +20 10~*) least-squares curves are 
meaningless. Here the actual numerical inter- 
cepts at v= —} (for LiD) of Eq. (7) with sub- 
script v replacing e certainly agree to within the 
error of the extrapolation with the extrapolation 
of the //,’ values and fall within the same range 
for LiH. This may be taken as further evidence 
of the mechanical significance of //,’ and hence 
of the absence of lL-uncoupling. 


VIBRATIONAL CONSTANTS 


From the rotational constants the band origins 
were computed as before and the frequencies 
given in the usual square array. These origins 
are given in Table VII (and for comparison in 
Table VIII the differences between origins as 
observed by us and as reported by Nakamura) 
where the vertical and horizontal differences are in 
italics and are, AG" (v+ 3) and 
AG’(v+ 3). The former are given precisely by 


respectively, 


AG” (v+ 4) = 1405.649 — 2 & 23.200(u+ 4) 
+3 X0.1633(u?—u+}), 
where 


AG =a, — 2xw,.(u+})+3yw.(u?—ut+}). 


The values of AG’(v+4) in contrast, increase 
very rapidly with v’, attain a maximum at about 
v’=10 and thereafter decrease. Fig. 3 shows the 
curves for LiH and LiD, where maxima occur at 
approximately the same energy values. The fact 
that this curve rises so rapidly at the start 
(especially for LiH) makes the meaning of the 
constants of a polynomial representation in « 
even less significant than in the case of B, 
curves. If we use the least-squares method for 
expressing the results in the form 


AG’ (v+}) =w,— 2x,(u+ 4) 


+3x2(u?—u+4)+-+- (14) 
‘The same procedure in Part I| gives D,’(LiD)=5.0 
«K 10~-*( +0.1) as against the rougher value 4.8 x 10-*(+0.3 


given there. 
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Tasie VII. 


yr 
of 0 1 
0 
1 24864.32 
312.97 
2 26537.02 1359.73 25177.29 
635.76 335.73 
3 26872.78 1359.76 25513.02 
352.80 342.78 
4 27225.58 1359.78 25865.80 
365.83 $05.87 
5 27591.41 1359.74 26231.67 
75.84 375.46 
6 27967.05 1359.82 26607 .23 
AY HA 
7 278349.73 
tA 
\ 28737.28 
io ? 
9 29127.65 
91 4D 
10 29519.24 
11 29910.29 
Ay Ta 
12 3029948 
. ‘4 
13 s0685.42 
tay 
14 31066.74 


then the values of w,, x1, X2, etc., depend un- 
fortunately very largely on how much data are 
used (and on the number of the terms in the 
expansion—which from practical consideration 
of labor is limited to the term in x,). Below 
(Table IX) are given the results for LiH and LiD 
when the values of AG’ for the first 5 and 7 
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Fic. 3. AG’(v’ +1) =G'(e+3/2)—G'(v+ 4) for Li'H and 
Li’D. The large slope of the first curve near the origin 
renders the actual value of the upper state vibrational 
constants considerably in doubt. As in the case of the B,’ 
curves, the maxima occur at almost exactly the same 


energy values, i.e., G’(v+4)=G*’Lp(e+4)] and approxi 
mately AG’(v+1 1/p)AG"' | p(v+1)). Hence we expect 
to find (x, +1) =p(ve+1) and actually v, calculated is 12.7 


compared with 12.65 from the curve. (The maximum is 
obtained in each case quite precisely by plotting the 
hirst-difference curve 


ORIGINS oF 'Z -'S BANDS oF Li’H 
> 


23268.52 
280.960 
IS1484 23549.48 
312.96 
1314.86 23862.44 1270.89 22591.55 
334.71 334.69 
1314.87 24198.15 1270.91 22927.24 
342.40 
1314.85 24550.95 


available values are used’ (and in the latter 
case when all the data are used). The differences 
indicate clearly to what extent the molecular 
constants for the upper state must remain in 
doubt—at least until some theoretical expression 
better suited to this state than a power series, is 
available. We have, therefore, provisionally 
taken the constants based on the first 7AG’ 


‘values as the most probable ones. On this basis 


the system origin for LiH is 26,516.24 cm™ and 
for LiD 26,513.70 where, however, the values 
themselves are uncertain to several cm™ and 
hence even the sign of the difference is in doubt. 
[It should be emphasized at this point that this 


Paste VIIL. Comparison of band origin as measured by us 
(C and J) and as measured by Nakamura (N). 


C+J \ C+J \ C+J \ C+J \ 

BAND n BAND m BAND cm BAND cm 

«0 1.29 1-1 0.02 2-0 1.52 0-2)* «259? 
+0 »O2 2-1 0.51 9-0 0.15 1-2 0.18 
al 0.22 4-1 0.28 10-0 2-2 0.18 
50 0.79 4-1 + 1.00 11-0 + 1.09 3-2 0.45 
6-4 0.15 S-1 1.13 12-0 +0. 38 4-2 1.05 

0 1.? 6-1 14-4) +042 

14-0 + 1.74 
* Reported as uncertain by Nakamura 


Fifth power least-squares calculations, in an attempt 
to represent the LiH data from v’ =0 to vo’ = 14, gave values 
differing in a regular oscillatory fashion from the observa 
tions—as they did when the same process was carried out 
ior the first differences of the AG’ values. . 
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TABLE IX. Vibrational constants for Lil] and LiD (upper state). 
AG 
VALUES 
USED We x1 x2 x3 x4 xs 
Lil 5 235.16 — 28.0093 — 3.64188 +0.347292 —0.01592 — 
. 7 234.413 — 28.9474 —4.18486 +0.506467 —0.038833 +-0.0012847 
5 182.776 — 12.6764 —0.782500 +0.20417 — ,00033333 ; 
LiD 7 180.711 — 13,9871 — 1.17839 + 079316 — 0035303 + .00006940 
16 183.1246 —12.74161 —0.8778501 + .04261680 — 1.332244 x 1073 + 1.808235 «1075 


effect is not assignable to experimental un- 
certainties since curves of the Ist, 2nd, 3rd and 
4th differences of the observed AG’ values are 
quite smooth and regular. In addition the bands 
involving AG’(1) as well those involving 
AG’(12), AG’(13) and AG’(14) were remeasured 
on new plates with results coincident to +0.02 


as 


cm~' with those obtained earlier. | 


IsoTOPE EFFECT IN THE GROUND STATE 


As Kemble and Van Vleck have shown,‘ as 
long as the potential curves of a molecule (LiH) 
and its isotope (LiD) can be regarded as identical, 
the general molecular constants in the complete 
energy expression in frequency units written as 


E/hc= % > Y,,(v+$)'CI(J+1) 


t=O, 1 je O, l-- 


(15) 


can be related for the two molecules, in the 
simple form: 


“ Y;,;' 


where uw and yw‘ are the respective reduced masses 
of the normal molecule and the isotope and 
p= (y/p")! and where further / and j are simply 
the powers of (v+4) and J(/J+1) in the par- 
ticular term of Eq. (15) which is under con- 
sideration.* Thus Y,») corresponds to w,, Yo; to 
B., Yoo to xX.w., Yoo to a1, etc. Hence Eq. (16) 
expresses simply the powers of p required for, 


) (+27)/2 


(16) 


Yij=(u/p' = pitti), 


in our case, converting the constants of LiH to 
those of LiD. We shall say that any case for 
which Eq. (16) holds is covered by the “‘simple 
isotope theory.” 

On this basis Table X was constructed where 


column 1 gives the constant involved, column 2 


the power of p and column 3 its numerical value, 


*E. C. Kemble and J. H. Van Vieck, Phys. Rev. 21, 
653 (1923). 

*See Dunham, Phys. Rev. 41, 721 (1932) for more 
details of this compact and useful notation. 


The constants in the second and fourth row are taken as being the most likely values. 





column 4 the observed constant for Li7H, column 
5 this multiplied by the number in the preceding 
column (3) and column 6 the observed constant 
for Li’D. Finally column 7 gives the amount by 
which the theoretical value of p would have to 
be increased to cause coincidence of the numbers 
in columns 5 and 6. Since this quantity, say Ap, 
is small, it can only be ascertained with precision 
actually from the w,’s and the B,’s. It is, how- 
ever, to be noted that in all save three cases 
(71,"", Bo’ and y2’’, 82’") the numbers in column 
5 are too smail. In the three exceptions the 
differences are well within the experimental error. 

This failure in the simple isotope theory has 
been noted by a number of observers,’®-" where 
the corresponding values (for the ground states) 
of Ap as obtained from B,'/B, are: For AlH 
(‘S) Ap= +0.00034, for CaH (2) Ap=0.00061, 
for NaH ('Z) Ap=+0.00023 and for BeH (23) 
Ap= +0.00025. The corresponding values from 
the ratio w,'/w, are only available for AIH and 
NaH and are, respectively, +0.00041 and 
+0.00013. The values of +0.00020+0.00006 
and +0.00014+0.00003 from the B, and 
ratios, respectively, for LiH are thus of the same 





We 


general order of magnitude. 

Now in the first place it was thought that 
part of the discrepancy might be due to the use 
of an inaccurate value of the atomic mass of H, 
since according to a recent announcement of 
Oliphant and Kempton" this value should be 
raised from 1.0778 to 1.00810. This would cause 
the p computed from (yu/u')! to increase by 
+0.00013 provided the accepted value of D 
= 2.01363 were retained. Actually, however, this 

'© Hulthén and Holst, Zeits. f. Physik 90, 712 (1934 
(AIH). 

'! Watson, Phys. Rev. 46, 319, 939 (1934); (CaH). 

? E. Olsscn, Zeits. f. Physik 93, 206 (1934); (NaH). 

8 Koontz, Bull. Am. Phys. Soc. 10, 14 (1935); (BeH). 


“Oliphant and Kempton, Proc. Roy. Soc. (current 
issue) reported in Science 81, No. 2099, Supplement p. 6 
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TABLE X. Molecular constants of ground state. 
CONVERSION Factor 

MOLECULAR NUMERICAL LiH LiH LiD Ap 
CONSTANT 2" VALUE Oss. xX," Ons. 

we” re) 0.750486 1405.649 1054.919 1055.12 0.00014 + .00003 
x" fod 563227 +23.20 13.067 13.23 

xe’ ? 422694 +0.16333 0.0690 0.13 

a” fd .563227 7.5131 4.2316 4.23384 .00020 + .0O0006 
an” p 422694 —.2132 — 09012 — 09198 

an’’ p* .317225 +.00075 .00024 00067 

D.’’ X10 p* .317225 —8.617 —2.7335 —2.756 
B,"’ x 104 p® 238073 +0.159 + .03785 066 
B:’’ X 104 ps .178670 +.0005 + .000089 — .006 

HH.” x 108 p . 178670 +11.4 +2.037 2.006 

yi’ X10 p’ . 134089 —.58 —.078 —.090 

+2’ X10 ia . 100632 —.125 —.0126 —.005 


change produces no effect on the ratio H : D 
since the masses of H and D were both measured 
by comparison with He and hence raising H to 
1.00810 raises D to 2.01423."5 Thus the change 
introduced in p is a second order quantity. 
Quite recently and independently Bethe'® has 
proposed a revision of the ratio of He* to O'*. 
He therefore determines a new set of atomic 
masses which includes H= 1.00807, D= 2.01423 
and Li’= 7.01694. These values actually influence 
our p slightly since Li’ was referred to O'*.'® 
These new values give p=0.750481 as against 
0.750486, a difference which is almost inappreci- 
able in this connection. We therefore conclude 
that the discrepancies in p of +0.00020 and 
+0.00014 are real. It should further be empha- 
sized that although these values of the dis- 
crepancy, p*—p, differ by no more than the 
experimental error involved (in the former, which 
is the less accurate of the two) they are not 
necessarily measures of the same thing. 

In general for the simple isotope theory to 
hold (and hence for Eq. (16) to be rigorously 
valid) it is necessary that three classes of effects 
(which to a first order may be treated inde- 
pendently) shall be negligible. These are 


(1) The perturbation of one electronic level by another, 
as in ordinary l-uncoupling, etc.” 

2) The interactions between nuclear and electronic mo 
tions (which are neglected when an average potential 
function of the usual Kratzer form is used). 

(3) The higher order terms in the interaction of rotation 

and vibration (which are neglected when the usual 
approximate form of Eq. (15) is derived).* 


(1933); 44, 56 (1933). 

'©H. Bethe on The Masses of Light Atoms from Disinte- 
gration, which was made available to us in manuscript 
form as a letter to this Journal, through the kindness of 
Professor Bainbridge. 


In the case of the ground state of most 
molecules the first effect will probably be in- 
significant. We may, therefore, attribute the 
failure of Eq. (16) to the presence of small 
modifications in the energy expression, Eq. (15), 
arising from interactions of the second and 
third types. Now consideration of these effects 
has the result of modifying the simple classical 
interpretation of all of the empirically deter- 
mined molecular constants. The experimentally 
determined ‘‘w,,"’ which we may write w,* 
(=Yio), is not accurately the frequency of 
vibration for infinitesimal vibrations around the 
equilibrium position nor is the empirical “B,,”’ 
which we may similarly write B,.* (= Yo), 
h/8&x*ur 2c. We must rather write 


w,* =w,(1+5,+52+---) (17) 
and B*=B(1+¢,+¢2+-:-), (18) 


where },, ¢;, etc., are small terms of very com- 
plicated form (as yet not definitely evaluated). 
They depend, among other things, on w, and B,, 
m/M, the ratio of electronic to protonic mass, 
and on the coefficients of the various powers in a 
Kratzer potential function of the form 


u(t) =(e? 4B.)- 07 1+a:t+aet? 
+asf*+age4+---], (19) 


where {=(r—r,.)/r., where yw is in frequency 
units and w, and B, have their classical meanings. 

Kronig'*® has given a qualitative account of the 
dependence of 5; and c,; on the second interaction 
mentioned above, while Dunham’ has deter- 


17R. de L. Kronig, Zeits. f. Physik 50, 347 (1928); 
J. H. Van Vieck, Phys. Rev. 33, 467 (1929). 
'® R, de L. Kronig, Physica 1, 617 (1934). 
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mined approximately by the Wenzel-Brillouin- 
Kramer method their dependence on the third 
interaction, and incomplete papers which he 
left show that a detailed discussion of the second 
interaction was only interrupted by his untimely 
death. 

Since both of the interactions considered here 
will usually be small we may consider them 
approximately additive and express p,;*, the 


empirically determined value of “rho” from 
band constants, as: 
pij* = (¥i;*/ Yi)! +? = p+Aspr,+Aspr;, (20) 


where the subscripts 2 and 3 refer to the theo- 
retical interactions (2) and (3) and (/j) identifies 
the band constant involved. 

Using the explicit equations which Dunham 
gives for the first 15 Y,; coefficients in Eq. (15) 
and the data on Li’H of Table X, we have 
evaluated approximately the first four a's of Eq. 
(19). The results are 


a,= — 1.86, ae= +2.30, a3~—4, a,=13, 


from which we find for Li’H B,*= B,(1 — 0.00035) 
and (assuming the same potential curve for each 
molecule) for Li?D 


B,'*=B,'(1—0.00020). 
Hence 
B,*/B*=(B,'/B.)[1+0.000157 } 


= p*{1+0.000157 


7 


J=(p+Azpoi)’, 
where Aspo:= +0.00006 a value which though 
uncertain is about a third of the value po:*—p 
= +0.00020 which was observed. Unfortunately 
for computing the effect on w, we need very 
reliable values of a, since a small change in its 
value is enough to alter even the sign of the 
correction term. This is a rather laborious process 
and the value of a, depends largely on the 
accuracy of small constants like a@;, a, 8, 82, 
etc., of Table III. This calculation is in the 
process of being completed and will be considered 
again in Part III.'* 


calculations for D,*( = Yo:) show that Kratzer’'s relation 
for the ground state should be in error by roughly one 
percent, i.e., that |D,*| should be about one percent 
greater than |4(B,.)*/w2!. As was indicated in Part | we 
found for the former 2.756 10~™ and for the latter 2.728 
xX 10, a difference in the same direction of almost exactly 


AND 





T. JORGENSEN, JR. 

In view of the above we may therefore say, 
(1) the discrepancy between the simple isotope 
theory and the band constant ratios, p,;* — p, will 
in general vary with (/j) and hence be different 
for w,.* and B,* ratios (the only ones which in 
practice are susceptible of very precise measure- 
ment) and (2) the failure of the simple isotope 
theory may be quite as much due to neglecting 
the higher interaction terms of rotation and 
vibration as to the effect of nuclear ‘‘wobbling.” 
This latter possibility seems not to have been 
given due prominence in the literature. 


IsoTOPE EFFECT IN THE UPPER STATE 


The first point to be considered in this con- 
nection is the choice of a proper vibrational 
assignment, which from the results of Table IX 
we should expect to be somewhat ambiguous. 
Actually three sets of quantum assignments were 
considered for both LiH and LiD. If the number- 
ing used in this paper is called (a), that with an 
increase of +1 (6) and that with an increase of 
+2 (c) (with (a'), (0d having the same 
significance for the LiD numbering of Part I) 
then the etc., for LiH 


(observed), for LiD (computed from LiH by 


and (« 
values of w,., X), Xe, 


the simple isotope theory) with numberings (a 


(6) and (c) and for LiD (observed) with number- 


ings (a‘), (6) and (c') may be determined. 

On carrying this out it was apparent that in 
obtained 

20 Of these 


though 


no case was very close agreement 


except in combinations (aa‘) and (db 
the second looks better than the first 
actually the first assignment alone is possible 
since on this assignment alone can one obtain 
satisfactory agreement between the AG’ values 
observed for LiD and those computed from the 
constants for LiH. (See Table XI 
differences in the third column are probably 
significant only of the unsuitability of poly- 
There are 


where the 


nomials for representing the data. 
fortunately three other facts reconcilable only 


one percent (+.3 of course). For the LiH molecule we 
found similarly D,’*=8.62 whereas the extrapolation of 
Kratzer's relation gives 8.586, a difference of about 0.35 
percent. 

** These are, however, both seen to be very much more 
concordant than with Nakamura’s observations. Thus the 
difference between the w,-values observed and calculated 
is about 12 percent and between the x, values about 
150 percent (see Part I Table VIII), and the remaining 
constants are of an entirely different order of magnitude 
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TABLE XI. AG’(v) values for LiD as observed and computed 
from LiH. 


AG’ ASG’ Cale Orns AG’ Cac Ors 
Oss 3a -~CALc. be*) —~CAlLt 
203.518 
224.62 224.153 +-0.47 233.165 —~8.54 
239.92 239.791 13 247.718 7.79 
252.18 252.058 12 258.966 6.78 
262.03 261.965 07 267.995 —5.96 
270.14 270.08 06 
276.69 276.68 o1 


with difficulty with any other numbering scheme. 
These are the approximate satisfaction of 
Kratzer’s Eq. (6), which would be radically 
untrue with a change of numbering (especially 
for LiH), and the equality of the energy values 
in the two molecules at the maxima of their B,’ 
curves (see Fig. 1) and of their AG’ curves (see 
Fig. 3). These three facts demand that the 
molecular constants have approximately their 
classical mechanical meaning and that any 
peculiarities of their variation with vibration 
shall be deducible from peculiarities in the 
potential curve. If now B,= B,+a\u+aq'?+---, 
then approximately B,'= p*B,'+a;p*u+azp'p* 
and hence B,'/p?=B,+a;(pu)+ae(pu)?+ 

-, therefore if the B, curve has its maximum 
at u,, the B,* curve should have its at uw, where 
plu2=u,. We find u,;=3.1 and therefore u.=4.14 
whereas actually the isotope curve has its 
maximum at 4.36 (+0.2). But we know® also 
that if G=f(r4 whatever the form of the 
function f, then G‘= | p(v+4) |. Consequently it 
can readily be shown that, provided the 
higher coefficients in the expansion of G in 
powers of (y+ 4) are small, we have AG(v+1) 
= AG'[ p(v+1 op. Hence, roughly, a maximum 
at v, in the AG curve should correspond to a 
maximum at v in the isotope curve, where 
v:+1)= p(v.+1 Actually we find »,=10.25 
whence v;= 12.7, whereas 12.65 is found experi- 


mentally. The question of the relation of the 


maxima of the B, curves to those of the AG 
curves will be considered in more detail in 
Part III.” 

On the basis of the numbering thus arrived at 
we have computed where the LiD origins should 
be compared with their observed positions, i.e., 
determined (¥9") obs. — (vo') calc. where any con- 
stant difference would be taken as giving the 
approximate electronic isotope shift. The result 
of this calculation is to give discrepancies which 
are always positive and vary from +0.71 cm™ 
for the (1-3) band to +1.84 for the (7-3) band. 
It is, however, not legitimate to average these to 
obtain a value of the electronic isotope shift for 
the system origin since the differences vary 
smoothly in both initial and final progressions. 
Actually by extrapolating final progression 
curves to v’= —} and this extrapolated curve to 
v’= —4 a value for this electronic origin shift is 
obtained. We have put it provisionally at 
0.0 (+0.5) cm which is of course more reliable 
than the value +2.5 obtained above by extrapo- 
lation of the G’(v+}) and G"(v+4) curves. 
This behavior will be considered in more detail 
in Part III. 

We wish to take this opportunity of expressing 
our gratitude to the Milton Fund of Harvard 
University for a grant covering part of the ex- 
penses of this investigation and to the Monroe 
Calculating Machine Company, Inc. for the 
generous loan of a machine which has greatly 
facilitated the large amount of numerical reckon- 
ing involved. 


21 Both Almy and Hause (Phys. Rev. 42, 242 (1932)) and 
Olsson (reference 12) agree in attributing the anomalous 
behavior of the B, and AG curves in the case of KH and 
NaH, respectively, to a common cause, i.e., the possession 
of a potential curve on the part of the excited 'D state 
which is anomalous in particular in that the coefficient 
a; of Eq. (19) is abnormally small while a; is abnormally 
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A Nuclear Model 


WituiaM V. Houston, California Institute of Technology 
(Received April 4, 1935) 


The problem of a number of bodies which attract each 
other with forces proportional to the distance can be solved 
completely in terms of normal vibrations, and the expres- 
sions for the frequencies can be written down. From these 
the quantum mechanical energy levels can be written down 
directly. This makes a good model for the representation of 
a nucleus insofar as it can be considered as composed of 
alpha-particles, protons and neutrons, and can be treated 
by ordinary quantum mechanics. The assumption of con- 


HE discovery of the neutron as a nuclear 

constituent suggested the possibility of 
ignoring altogether the difficulties connected with 
the presence of electrons in nuclei. Thus Heisen- 
berg has regarded nuclei as built up of protons 
and neutrons. Among these, alpha-particles may 
be regarded as particularly stable combinations, 
which may exist in nuclei in a way somewhat 
similar to that in which atoms exist in molecules. 
The great advantage of this point of view is that 
these particles can be treated by quantum 
mechanics even in the small volume attributed 
to the nucleus. Heisenberg! treated the energy of 
such a nucleus by a statistical method and was 
able to show some general properties of such 
assemblies. However, there is some advantage in 
having a nuclear model whose properties can be 
more precisely determined. Such a model can be 
constructed by assuming that the various nuclear 
particles attract each other with forces pro- 
portional to their separation.’ This is probably a 








stants of areasonable order of magnitude makes possible the 
computation of binding energies which show the observed 
general trends. The instability of Be* composed of two 
alpha-particles is attributed to the high “zero point” 
evergy of the system, although the system of three alpha- 
particles, C', is stable. The Pauli exclusion principle ap- 
plied to the neutrons gives a reason for the limited number 
of observed isotopes. 


very crude representation of the true forces but 
because it is susceptible of exact treatment it can 
be used as a zero approximation to which 
modifications can be applied by perturbation 
methods. 


1. CLASSICAL TREATMENT OF THE PROBLEM 


For simplicity the treatment will be given for 
three different kinds of particles, and because of 
the application to nuclei these will be designated 
as alpha-particles, protons and neutrons. The 
extension to more different kinds of particles is 
immediate and obvious. 

Consider a system composed of a alpha- 
particles, p protons and m neutrons. Let the 
coordinates of the alpha-particles be £,, 7,, ¢,, 
where 0&7 a, of the protons be x,, y,, z-, where 
O&r p, and of the neutrons be u,, v,, w,, where 
Orn. Let the mutual potential energy of two 
particles be as follows: 


Two alpha-particles V aa = Caal (& — &.)? + (ne — 06)? + (6 —)7} —Daa 
Alpha-particle and proton V ap = Cap| (Ee —Xs)? + (0-— ¥,)?+ (6, —2)?} —Dap 
Alpha-particle and neutron Van= Can} (&-—u,)?+(n-—2,)?+ (¢,—w,)?} —Don 

; (1) 
['wo protons V pp = Cop| (X» —X.)? + (¥-— ¥,)? + (2-—2,)?} —Dyp 

Proton and neutron V pn = Con| (X-— 4)? + (¥, —0,)? + (8-—w,)?} — Don 

Two neutrons Van = Can} (U,— U,)?+(0,—2,)?+ (w,—w,)?} — Dar. 


Let uw be the mass of the alpha-particle, M that of the proton and m that of the neutron. 





1W. Heisenberg, Zeits. f. Physik 80, 587 (1933). 


? This model was mentioned by Fowler, Nature 12%, 453 (1931) but he seems not to have worked it out in any detail 
Q42 
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The problem is already separated along the three coordinate axes so it is only necessary to consider 
one axis. The differential equations of motion then have the form 


** ~< P 
wir = —2Coa D (§-— &.) —2Cap DL (&-—%4) —2Can De (Erte), 
s~l s=l s=l 
a p ‘ n 
Mz,= —2Cap Dd (X-— &.) —2Cpp & (X-—%.) —2Cyn & (X-— ss), (2) 
a= 1 e~l s=l 


a Pp n 
mii, = —2Can >. (Ur— &s) —2Cayp D (te —X.) — 2Can Y (ur —U,). 
s= 1 eel al 
To find the normal vibrations make the usual substitutions, §, = E,e', x, = F,e', u,=G,e'. This leads 
to N simultaneous algebraic equations for E, F and G. The condition for their compatibility is that 
the determinant of the coefficients be equal to zero, which gives an equation of the Nth degree in w”. 
This equation can be handled by adding and subtracting rows and columns of the determinant. The 
first two rows are 
{2(a—1) Coat 2pCap + 2nCan — pw" } —2C ae +++ —2Co° ++ —2Con 
—2Caa {2(a—1) Coat 2pCap+ 2nCan — pw} +++ —2Cap* +» —2Can. 


If the second row is subtracted from the first and then the first column is added to the second, one 
factor of the determinant is isolated in the upper left-hand corner. This gives as one root of the 
equation 

w? = (1/p) | 2aCaa t+ 2pCapt 2nCan}. (3) 
This process can be carried out (a — 1) times to give (a — 1) roots identical with (3). There then comes a 
transition between the rows referring to alpha-particles and those referring to protons. If this row is 
skipped the above process of subtracting rows and adding columns can be continued to give (p—1) 
roots of the equation whose values are 


w* = (1/M){2aCapt+2pCppt+2nCyn}. (3a) 
By skipping the next transition there can be obtained (m — 1) roots, 
w* = (1/m) | 2aCan + 2pCon+2nCyn | - (3b) 


After this process has been carried as far as possible there remains a determinant with as many rows 
and columns as there are different kinds of particles. One root of this is always w*=0, and the rest 
must be obtained by solving the equation. For the special case considered here 


2 Capt 2nC on — pw?) —29C, —2nC 

+ i; + an ip an 
—2aC ap (2aC ap t+ 2nC yn — Mo*) —2nC on =(). (3c) 
— 2aC on —2PC on (2aC an t+ 2 pC on — mw") 


By adding all three columns together the root w=0 can be isolated and the result is a quadratic 


. equation whose solutions are 


a p a mn p Mm a p\? 
ut=( + )cur+( + )cun+( + ) Cons ( + ) cn! 
M up mu m M Nw wu 
s s\* p mn a p am np 
+( + ) catt( + )cnt—a ( + )( + )-2 |eurCu 
m wb m M M 4x m pb p? 
“(a Prep nm an a nm pon ap \' 
- ( om )( + )-2 |c..c.—2| ( + )( + )-2 |cosCp Gd 
M u/\m M/ Mt m ul\m M/ mm? "| 
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These roots give the frequencies with which the various normal coordinates vibrate. The expressions 
for the normal coordinates in terms of the position coordinates can be readily obtained but since they 
are not necessary in the determination of the quantum-mechanical energy levels, they need not be 
given here. The coordinate corresponding to the frequency given by w? = 0 is just the center of mass of 


the system. 


2. QUANTUM-MECHANICAL ENERGY LEVELS 


Since each of the normal vibrations exists along each of the three coordinate axes, the state of 
minimum energy will be obtained by multiplying each frequency by 34/2. If any of the vibrations are 
excited the energy can be expressed in terms of a quantum number for each different frequency. 
Hence the energy for a system of three kinds of particles is 


E=(a—1+2m,/3)(3h/4x) | (2aCaat2pCap+2nCan)/u}'+(p—1+2m2/3)(3h/4x) 
XK | (2aCap t+ 2pCpp + 2nCyn) / Mh) + (m—14+-2m;/3) (34/4) | (2aCan t+ 2pCon+2nCnn)/m4! 
+ (1+ 2m,/3)(3hw,/4r) + (1+ 2m;/3)(3hw2/4r) —a(a—1)Daa/2—apD.,—anD a, 
— p(p—1)Dyp/2—pnDypn—n(n—1)Dy./2. (4) 


w; and w, are from Eq. (3d). The ground state is obtained by putting all the quantum numbers, 
m,:*-ms equal to zero. There is clearly a great deal of degeneracy to this problem since each my, 
except m, and mz,, is the sum of the quantum numbers belonging to all the normal vibrations with the 
given frequency. Some of this would be removed by the application of perturbations correcting the 
law of force between the particles and many of the finer details of nuclear behavior are perhaps to be 


understood in this way. 


3. APPLICATION TO NUCLEI r=( the potential energy has a large negative 
value. In accord with these results we may 


It is certain from the fact of the stability of aie 
; assume that the energy is given by (1) from r=0 


nuclei that there are effectively attractive forces 


; to such a point that it becomes equal to the 
between some of the nuclear constituents. At- 


. ' , : coulomb repulsive potential. From there on it 
tractive forces given by potential energies of the 


, may be considered as coulomb. The values of Cy. 
form treated above are certainly very crude 


and D,,, can then be chosen so as to fit the known 


approximations but it still seems that they can ; , 
energies as well as possible. If the coulomb part 


be used to describe some of the characteristic : : : 
: of the field is entirely neglected, the energy can 
features of nuclear behavior. ; : 

be written down at once. 
Nuclei containing alpha-particles only For a system containing alpha-particles only 
Eq. (4) becomes 
It has often been assumed that nuclei of even 


atomic number contain all of their protons E=(a—1+42m,/3)(3h/4m)(2aC.0/n)! 
combined in the form of alpha-particles. This 

point of view has recently been emphasized by —a(a—1)Doa/2. (4a) 
Landé.* Some information on the force between 


‘ ; ‘ : When a becomes large this energy decreases with 
two alpha-particles is available from scattering : 


sperlents. The analyee of th by Tavlort a*. This is faster than the observed decrease but 
expe ents. e analysis o ese by Tavlo 


indicates that the force is repulsive and coulomb 
at distances greater than about 3X10-" cm; 
below this the force is attractive and such that at 


it is possible to select the constants so that the 
general trend is represented. In order to give 
attention to the light nuclei we may use C"” 
to determine these constants. The binding energy 
is known, and if the excited level at about 8.0 


°A. Landé, Phys. Rev. 43, 620 (1933). “ 
*H. M. Taylor, Proc. Roy. Soc. A136, 605 (1932). < 10~-* erg is taken as due to m;=1, the constants 
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can be determined. In round numbers these are 


Cos=64X10" erg/em, Daa=9X10~* erg. 


The binding energies computed on this basis, 
together with the observed values, are given in 
Table I. 

According to this model the observed instability 
of Be* is due to the large ‘‘zero point”’ energy in 
the ground state. The lifetime in this state, 
estimated according to Gamow’'s formula, is very 
small, ~10-" sec. The observed energies of 
carbon and oxygen are given very nicely, and the 
calculated value of the first excited level in O"* is 
2/(3)! as high above the ground level as in C™. 
For the heavier atoms it is clear that the kinetic 
energy of the model does not increase as rapidly 
as necessary to overcome the rapid decrease of 
the potential energy. It is possible to select the 
constants so as to give better agreement for the 
heavier nuclei, but this disturbs the fit with the 
lighter. The first effect of including the outer 
part of the field would be to decrease the total 
energy, but it would certainly be small in the case 
of the stable systems. 

According to Eq. (4a) the capture of an alpha- 
particle always represents a decrease in energy. 
This is in agreement with the observed fact that, 
in the nuclei containing alpha-particles only, the 
mass defect increases steadily with the atomic 
number. 


Nuclei containing alpha-particles and neutrons 


In applying the model to these cases it is 
simplest to include the assumption that the 
neutrons do not influence each other. Thus 
Cun =D,» =0. The energy for this case is given by 


E = (a—1+2m,/3)(3h/42) | (2aCaa+2nC,,)/u}! 
+(n—1+2m;/3)(3h/49r)(2aC,,,/m)? 
+(1+2m,/3)(3h/4x){(a/m+n/p)2C,,!! 

—ala—1)Doe/2—anDen. (4b) 


The values of C,, and D,, can then be chosen to 
approximate the observed nuclear energies. The 
values 

Con = 64 X 10" ergs cm? and D,, = 11.8 10~ erg 
serve fairly well. They give He® composed of one 
alpha-particle and one neutron a positive energy 


of 3.6X10-* erg. It would thus be nonexistent 
since there is probably almost no barrier against 


TABLE I. Computed and observed nuclear energies. The 
energies are expressed in units of 10~* ergs, and the numbers 
in parentheses are the observed nuclear energies. 


Nuclei of even atomic number composed of alpha-particles and neutrons 


Het 0.00 He*® +3.6 
Be’ +0.73 Be —0.04 Be! —1.23 Be'! +68 
(0.0) 

( —3.16 ce — 10.2 cH —17.4 | 9.3 
(—4.3 (—17.3) 

oO 12.8 ov 26.7 oO 41.5 ow ~37.9 
(—12.9) ( —24.8) ( 36.7) 

Ne® —28.5 Ne” —50.0 Ne™ —72.2 Ne®™ 74.1 
(~—21.0) ( —47.8) 

Me™ —50.7 Me™ —80.4 Me™ —110.5 Mg” —118.6 

Si3 —798 Si* —117.8 Si® — 156.5 Sim ~170.9 
( 49.6) 


H? —3.34 He 78 Ht 4.0 
3.17 (—8.1) 

He’ —-78 Het 32.4 He —22.8 
( —6.8) ( —43.5) 


Nuclei of odd atomic number composed of alpha-particles, one proton and 


neuirons 
Lit 5.6 Li —17.0 Li* —13.2 
( 5.1 ( 16.7) 
Bt 15.9 B' 32.4 B" 33.5 
(-—9.8 ( 25.3) 
N' 33.2 NU ~5§7.1 N" —63.0 
(—21.1 ( — 40.8) 
Fis -~57.6 FY 83.5 F™ 97.4 
( — 48.0) 
Na®™ —89.2 Na® — 128.9 Na™® -—146.6 
Al™ — 128.3 Alt —176.2 Al® — 200 


Values of the constants used in compiling this table 


Cae =64 X10" Cy, =64 10" Cap =64 X 10" Con = 64 X10" 
Dag =9 X10°° Dan =11.8 X10 =Dap =11.8 X10 =D, =22.7 X10" 
Can =O Cyp =0 Dag =O Dyyp = 


the escape of a neutron if there is sufficient 
energy. The energies of some other cases are 
shown in Table I. Be* has just about zero energy 
while Be’ is more stable than Be* but less so than 
B'’, Eq. (4b) shows that the energy will in 
general decrease with an increase in the number 
of neutrons and that the rate of this decrease will 
increase with the number of alpha-particles. It is 
also necessary, however, to take account of the 
exclusion principle for neutrons. If it is assumed 
that the wave functions must be antisymmetrical 
in the coordinates of the neutrons, the quantum 
number m; cannot be equal to zero except for the 
cases of one or two neutrons. For three or four it 
has the minimum value one, etc. This effect is 
shown in the energy of C™ which is much less 
stable than C™, and O” which is less stable than 
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0". For the heavier nuclei the constants used do 
not actually show a definite instability but this 
property of the model does show why the number 
of isotopes is not unlimited, and indicates why 
the maximum number of neutrons is dependent 
on the number of alpha-particles. 


Nuclei containing alpha-particles, protons and 
neutrons 


For the nuclei of odd atomic number the whole 
Eq. (4) must be used. The constants listed in 
Table I seem to give the general trend correctly. 
According to these a proton and a neutron act in 
the same way with an alpha-particle. Also H? 
and He’ show the same binding energy. This is, of 
course, not correct but it is not a bad approxima- 
tion. For these odd elements the number of 
neutrons is limited by their turning into protons 
and forming alpha-particles. Thus B® is less 
stable than C™, when the energy of the alpha- 
particle is considered. 


4. DISCUSSION OF THE RESULTS 


It is to be emphasized that no great significance 
is to be attached to the exact numerical results 
nor to the exact values of the constants used. 
It is surely not correct to use the same force 
constant between all kinds of particles, but the 
determination of the differences would hardly be 
justified by the accuracy of the model. The 
constants are of a reasonable order of magnitude 
and the results show the correct general trends, 
although the actual values of the energy deviate 
widely for the higher atomic numbers because the 
constants have been selected to fit the lighter 
nuclei, as well as because of the crudeness of the 
model. 

The assumption of a strong force between 
and and no force between 


protons neutrons 


V. 
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protons gives, as indicated by Wigner,’ the right 
general trend in H?, H’, He’*, He*. Together with 
the exclusion principle it also makes He® less 
stable than He*. The amount is different from 
that obtained by treating He® as an alpha- 
particle and a neutron, but this difference is not 
surprising in view of the rough determination of 
the constants. The increase in mass defect with 
the increase in the number of alpha-particles and 
with the increase in the number of neutrons is in 
accord with the observations. The application of 
the exclusion principle to the neutrons leads to a 
limitation on the number of neutrons which can 
be added with a decrease in total energy. 


Two outstanding characteristics of nuclei 
which are not apparent in the model are the 
alpha-particle radioactivity of some heavy 


nuclei, and the large number of close-lying 
excited energy which 
Heisenberg attributes the radioactivity to the 
repulsive force between protons. This exists also 
between alpha-particles. Since this has not been 
included here it is not surprising that the 
instability does not appear. On the other hand the 
excited levels of the model are required to be 
rather far apart because of the values of the con- 
stants, and it seems difficult to reduce sufficiently 
the constants and at the same time preserve the 
necessary binding energy relationships. Never- 
theless a relatively small change in the form of 
the force might remove enough of the degeneracy 
to provide the necessary number of close excited 


levels are observed. 


levels. 

In spite of the extreme simplification this 
model is free from the objections to the con- 
sideration of one nuclear particle moving in an 
average field due to all the rest, and gives a 
description of the trends of the binding energies 


* E. Wigner, Phys. Rev. 43, 252 


1933). 
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Theory of the Photoelastic Effect of Cubic Crystals 


Hans MvuELLER, The George Eastman Laboratory, Massachusetts Institute of Technology 
Received March 8, 1935) 


The theory of Ewald and Born of the double refraction 
of crystals is applied to the calculation of the photoelastic 
properties of D lattices. Only in special cases, as for 
instance in KCI for pressure parallel [111], is the effect 
determined by the anisotropy of the Lorentz and Coulomb 
forces. In these cases the photoelastic data determine the 
ratio Re;/R, of the ionic refractions. Satisfactory agree- 
ment with all observations can be reached by assuming 
that the elastic deformations produce optical anisotropy 


F a cubic crystal is subjected to a pressure 

normal to a cube face, it becomes tetragonal, 
and hence doubly refracting. According to Ewald' 
and Born? the birefringence of crystals is due to 
the anisotropy of the Lorentz-Lorenz force. In 
ionic crystals the anisotropy of the Coulomb 
forces is an additional cause of birefringence. 
Taking into account both effects, Hylleraas* 
calculated the optical properties of calomel, 
rutile, anatas and quartz. For carbonates and 
nitrates, W. L. Bragg* developed a somewhat 
different theory in which the birefringence is 
primarily due to the optical anisotropy of the 
CO; or NOs groups. 

The success of these theories gives reason to 
anticipate that they could also explain the 
accidental double refraction of cubic crystals. 
We shall show that, in general, this expectation 
is not justified. Neither Ewald-Born’s nor Bragg’s 
theory can explain the photoelastic behavior of 
cubic crystals, except in some special cases. 
This conclusion has been reached previously by 
Herzfeld,’ Herzfeld and Lee, and Banerjee.* It 
will, however, be demonstrated here that Herz- 
feld’s papers contain a numerical error and that 
Banerjee’s method is wrong. Hence their results 


are not conclusive. 


1912; Ann. d. 


1. P. Ewald, Thesis, Munich, Physik 49, 
1, 117 (1916). 
2M. Born, Handbuch der Physt 


7 E. Hylleraas, Zeits. f. Physik 36, 859 


k Vol. 24, p. 770. 
1926); Zeits. f. 


Krist. 65, 469 (1927). 
*W. L. Bragg, Proc. Roy. Soc. Al05, 307 (1924 
A106, 346 (1924). 


°K. F. Herzfeld, J. Opt. Soc. Am. 17, 26 (1928) ; Herzfeld 
and Lee, Phys. Rev. 44, 625 (1933). 


*K. Banerjee, Ind. J. Phys. 2, 195 (1927). 


of the atoms. Introducing this assumption in the Ewald- 
Born theory leads to an explanation of the change of the 
index of refraction with the density, and of the different 
photoelastic properties of NaCl, KCl, CaF; and diamond. 
The photoelastic constants of other crystals are predicted. 
It is shown that the “cavity” method of Lorentz and Bragg 
gives the same Lorentz force as the theory of Born and 
Ewald. The calculations of the photoelastic effect by 
Herzfeld and Banerjee are incorrect and incomplete. 


In a previous paper the writer’ has shown that 
a third cause of the photoelastic effect must be 
considered. A deformation of the lattice changes 
the energy levels and transition probabilities of 
the optical electrons, and hence alters the re- 
fraction of the atoms. This effect is a generaliza- 
tion of the results of Fajans and Joos* who 
showed that in crystals the refraction of the ions 
are usually smaller than in solutions. We assume 
that a decrease of the lattice constant reduces 
the refractions still further. But, contrary to 
Fajans and Joos, we do not believe that this 
effect is due to the Coulomb forces between the 
ions. The effect exists also in homopolar crystals. 
It is caused by a change of the charge distribution 
or the binding of the optical electrons. It can be 
considered as produced by the repulsive forces 
between the atoms® and depends primarily on the 
arrangement of, and the distances between 
nearest neighboring atoms. 

In photoelastic experiments the lattice dis- 
tances parallel to the pressure are decreased, and 
the distances normal to the stress are increased. 
This gives rise to an anisotropy of the atomic 
refractions. 

By taking into account all three effects we 
are able to give a satisfactory explanation of 
the observed photoelasticity of simple cubic lat- 
tices. 


7H. Mueller, Physics 6, 179 (1935). 

* Fajans and Joos, Zeits. f. Physik 23, 1 (1924). 

* The possibility that the repulsive forces may deform 
and even polarize an atom, giving rise to negative polar- 
izabilities, was discussed by Heckmann, Zeits. f. Krist. 
61, 250 (1925). 
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CLASSICAL THEORY OF PHOTOELASTICITY 


The phenomenological theory of photoelas- 
ticity of crystals was developed by F. Pockels.'° 
The theory assumes that the elastic deforma- 
tions, and not the stresses, are primarily re- 
sponsible for the birefringence. The behavior of 
cubic crystals is characterized by three elasto- 
optical constants pi;, Pie, pas, which for the 
purpose of our calculation are best defined as 
follows: 

A simple strain 2, in the direction [001 | 
produces uniaxial birefringence and we have 


n—Nn,=}n'*piit:, 
n—n,= }n'*pi22,, 
N,—N,=}n*(pii— prz)2:3 


n is the index of refraction of the undeformed 
crystal, and nm, and n, are the indices for light 
whose electric vector oscillates in the direction 
parallel and perpendicular to the strain. 

The combination of a strain x,’ in the direction 
[110] and a strain y,’=—x,’ in the direction 
[110] represents a shear x,=2x,’ and produces 
biaxial birefringence with the axis of the index 
ellipsoid in the directions x’=[110], y’=[110], 
z’=[001 }. Then 


ny=n+An,n,=n—An, n,=n, and 


An=—n'pyx,’. (2) 


The “Cauchy relation” py,=4($1:— p12) holds 
only for amorphous solids. For hydrostatic pres- 
sure, for which x,=y,=2,=dV/3V=—dp/3p, 
where p is the density, the index of refraction 
changes by 


dn= — bn ®[ pists t+ Pie(x.t+ yy) } 


=(Piit2pi2)n*dp/6p. (3) 

If pii—fi2>O0 a pressure normal to a cube 
face produces positive birefringence. This is the 
case" for KCI, KBr, KI and NHglI. pi:— py is 
negative for NaCl, CaF», NaF, ZnS, diamond, 
Al- and NH,-alum. If p4, is negative, the crystal 
shows negative uniaxial birefringence for pressure 


1” F, Pockels, Wied. Ann. 37, 151 (1889); Lehrbuch der 
Kristaliphysik, Leipzig and Berlin, 1906. 
" Johnson, Newnes Jahrbuch fiir Mineralogie, 


II, p. 146. 


1902, Vol. 
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normal to an octahedral face. This is the case for 
NaCl, KCI and the alums; but, for CaFs, px is 
positive. A satisfactory theory must be able to 
account for these reversals of sign. 

The comparison between theory and observa- 


tion is simplified by introducing 


p.=n'pyo(n* —1)-* = —2n(n*—1)—*dn,/dz,, 
p.=n*pis(n*—1)-* = —2n(n*—1)—*dn,/dz,, 
bp’ = pr =2n'*pas(m? —1)-* (4) 


= —2n(n*—1)~*dn,-/dx,’, 


n*—1)-*., 


P= p:— ps=N"(pii— pis)| 


EWALD-BoRN THEORY OF THE LORENTZ- 


LORENZ FORCE 


THE 


We consider a lattice with only one atom at 
the corners of the elementary cells. Each atom 
carries a charge e=1, and a continuous charge 
distribution of constant density p= —1/A com- 
pensates for the discrete charges. A is the volume 
of the elementary cell, which is determined by the 
three vectors a), d2, a3. The position of the atoms 
is given by the 
Except at the points r' the electric potential y¥ 


vectors 7! =/1,a,;4+leae+/;a 


satishes everywhere Poisson's equation 


Ay=47/A (5 
and has the value? 
Y=Vitys:, 
where 
v f 1 
46° 
6) 
Yo=)> Gle|r'—r)|)/\r'—r —x/€A; 


j=v(-—1), €isan arbitrary parameter; g' = 27(/,), 


+lsbe+/3b3), where 6; =[a2Xa; }/ A, etc., are the 
vectors of the reciprocal lattice; G(x)=1 
—2x-'fi'e-“da; and the summations are to be 
taken over all combinations (/;, /2, /;), excepting 
0, 0, 0) in the summations >’. 

Let us now consider a second lattice, geo- 
metrically fdentical with the first, but each 
lattice point carrying a charge e= —1 and dis- 


placed by a vector dr with respect to the atoms 
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of the first lattice. At the point r the second 
lattice produces a potential ¥* = — ¥+ (drgrad y). 
Since the continuous charges cancel each other, 
the two lattices together represent a lattice of 
dipoles with the moments «= —dr. Their po- 
tential is ¢=~+y*= —(u grad y). In order to 
find the field due to all other dipoles acting on 
the dipole at the origin, one subtracts the field 
of this dipole and gets the potential ¢= 
—(yu-grad ¥), y= ~-—1/r. We consider now the 
simple case, where all dipoles are parallel to the 
applied field E,. The total field acting on any 
dipole is the Lorentz-Lorenz force 


F,=E,—(do dx)o= E,+u(d%y Ax?) 9 
=FE,.+4rL,P,, (7) 


where P,=y,/A is the polarization, and where 
we have introduced the ‘Lorentz factor” 


L,=(A/4r)(02p/dx?)o. (8) 


From (5) it follows that L,+1,+L,=1, and 
hence for a simple cubic lattice’ L,=L,=L, 
= 1/3. 

For a simple tetragonal lattice, where a,;=az 
#a;, we have L,=L,, L,=1-—2L,. The nu- 
merical calculation is conveniently carried out 
for L,—L,. Choosing «= r~!A~! we get 


L,—L,=-—>'(Q0.—Q:)Q"' exp (-—Q) 
+>0'(R.—R.)(3/2R+1)R“ exp (—R) 
+(3r!/4)>°(R,—R,)R*°G(R'), (9) 


where 


0=0.+0,+0.= rAl(l?/ ay? +1.7/a2?+1;*/ a3"), 
R=R,4+R,+R.= rA“1(1 20,2 +1272? +1747). 
All the series in (9) converge very rapidly. The 
values of L, and L, depend only on the ratio 
a3/ a}. : 
The results in Fig. 1 show that for a;/a,;>2 
they can be represented by the approximation 
L,=1—2L,=1—0.72 a;/a,;. For a3/a;>1.4 and 
for a3/a,<0.6 one Lorentz factor becomes nega- 
tive. Hence in many crystals the interaction 


12 The same derivation of the factor 4 can also be used 
for a random distribution of atoms. Another derivation 
by Darwin, Proc. Roy. Soc. Al46, 17 (1934). 




















Fic. 1. The Lorentz factor for simple tetragonal lattices. 


between the dipoles does not increase, but de- 
creases the polarization.” 

If as/a,<1 the crystal is a chain lattice. For 
light oscillating parallel to the chains the L 
factor is larger than for light oscillating normal 
to the chains. Hence chain lattices show positive 
birefringence. On the other hand, for layer 
lattices, where a;/a,;>1, the L factor is small 
for light oscillating normal to the layers and the 
birefringence is negative. The observations verify 
these rules for arbitrary layer and chain lattices." 

In the problem of photoelasticity of cubic 
crystals we are interested in the values of L, and 
L, for a lattice which differs only slightly from a 
cubic lattice. A strain 2, produces an axial ratio 
Q; 1 @2:a,=1:1:(1+2,) and the L factors 
differ from 4 by small amounts; hence 


L,=L,=}+5.2,; L.=}+522, (10) 


and we must have 2s,+s,=0. (11) 


The differentiation s,=dL, dz, leads to com- 


143 In these cases Havelock’s assumption (Proc. Roy. 
Soc. A80, 31 (1908)), which replaces Lorentz’s spherical 
cavity by an ellipsoid, cannot hold. Negative Lomnte 
factors can be used to explain the fact that the anomalous 
dielectric properties of Rochelle salt occur only for fields 
in direction of the a axis (H. Mueller, Phys. Rev. 47, 
175 (1935)). 

1 W. A. Wooster, Zeits. f. Krist. 80, 495 (1931). 
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plicated expressions. Much less numerical work 
is involved in calculating the difference quotient 
s,={L,(1+2,)—4}/2,. By choosing z,=0.01 we 
obtain sufficiently accurate values. Thus we get 
for simple cubic L,(1.01) =0.33832, 
L.(1.01) =0.32333, s,=0.499, s,= 
—1.000. These with Herzfeld’s 
results s,=0.501, s,=—1.01, which are calcu- 
lated from Madelung’s lattice potential. From 
Banerjee’s calculation we derive s,=0.5045, s, 
= — 1.0090. 


lattices 
and 
values 


hence 
agree 


THE LORENTZ-LORENZ FORCE IN STRAINED 
D LatTTIces* 


If the elementary cells contain several different 
atoms at the positions r;, 7%, etc., carrying the 
moments u,.,, one must find the field of all other 
dipoles acting on an atom 7. This leads to the 
Lorentz factors Ly, and the Lorentz force" 

Fis=Est4n)> LizsPisi Pee=pes/A. 


4 


k 


If the elementary cell is orthorhombic, one 
finds by choosing again «= r~!A~! 


Liiz= (4/41) (0*y/dx?) 9 


Il 


t+—2’Q:0"' exp (—Q) 

+>-’R.R- exp (—R) 
+4$>0'(3R,R-!—1)R-! exp (—R) 
+(n/4)0'(3R,R-1)RAG(R4), (13) 


Linz = (A/44)(0*y/ 0x’)... 


—2'0.0-' exp [ 
+> RuzRiu' exp (— Rix) 

+45°(3RueRu-'—1)Ry-! exp (— Rx) 
+(98/4)30(3Ry2Ru-—1)RuAG(Ra), 


—O+)(q'rin 


(14) 


and analogous equations for Ly, and Ly,. Q and 


*In Born's diagonal or D lattices the atoms of the 
elementary cell are located on the body diagonal of the 
elementary cube. The face- and body-centered cubic 
lattice, and the lattices of diamond, NaCl, CsCl, CaF, 
and ZnS are D lattices. 

18 In the general case, the dipole moments x, are not all 
parallel to the applied field and the Lorentz force is 
Fi, = Ey +4n2,2,Line,Pe,. We consider here only such 
cases where the symmetry of the crystal requires that 
Lizzy =0 for x¥y. 
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R are defined by (10) and Ry =Ru.t+Ru,t+Ra 
= rA~![ (Lia; — xix)? + (lege — vin)? + (lsas — 2x)? ] 
where xix, Yu, 2a are the components of the 
vector ru%=7r;—r.e. From (5) it follows that for 


all indices 1k 
LaztLu,t+Lan,=1. 15) 


These equations serve to calculate the Lorentz 
factors for elastically deformed diagonal lattices. 
For undeformed D lattices (15) leads to =Liu..P;. 
=4P,, and the Lorentz-Lorenz equation is valid. 
To determine the LZ factors for any D lattice 
which is deformed by a strain z,=0.01 or a shear 
x,/2=x,'=—y,'=0.01, it is only necessary to 
carry out the calculations for the three ortho- 
rhombic cells shown in Fig. 2. The symmetry of 
these cells requires that for fields parallel to the 
edges of the cells all dipole moments be parallel 
to the electric field. Hence Ly..,=0, excepting 
=Lris 


and there are a large number of relations between 


ry 


Lixez= Liz. For reasons of symmetry L;, 


the 48 L factors given below." 
F=E 
+4xP,/3, we write for a lattice deformed by a 


Since for an undeformed D lattice 


strain 2, 


,, «ai = " ye EP ag 
F;,=E,+ (42 A)> mines PT Sikz2s 16) 
: . » 7, = Pumas ) , —_- 
For a shear x,’= —y,'=x,/2 we write 
Fi =E yt (40/A)> miepee (44+S5a2x,'). (17) 
Chere are 16 relations due to Eq. (15). For cell A 
there exist 10 obvious equalities Liz: =Lixy, 3 relations 
DeLine =8L,.., and 4 relations with the results in Fig. 1, 
as, for instance }(Ly.+Lwet+LietlLi L,(2.02). Similar 


relations exist for cell B and C, and there are 8 relations 
connecting the results for different cells. In the calculation 
we have not made use of any of these relations. The fact 
that all are satisfied shows that the errors cannot be 
larger than 0.0001. In the summations terms smaller than 
0.00002 were neglected. All series converge very rapid) 


We find the ‘‘Lorentz factors” given in Table I. 

TABLE I. Lorentz factors. In cell A we have a;: a2: a3 
=1:1:1.01, in cell B a; : a, :a3=1.01 : 0.99 : 23, and in 
cell C a; :@2 :@3=1.01 : 0.99 ; 2-4, 

Ce \ { B 
ik Likz I Liks I 
11 0.3383 0.3383 0.3233 1 0.4858 0.5258 —0.0116 
12 >.7528 - 8710 — RR18 12 1689 Sw 6781 
13 — 8710 >.7528 — RS18 13 = 16 - 584 5300 
1 — 8340 — R3IR4 2.6768 14 9637 8996 8633 
15 3286 3286 — 3427 ( ‘ 
16 — 3509 6634 6875 { 0 2 ‘ S26 
17 6634 — .3509 6875 5664 ¢ 0026 
18 6837 6837 —.3675 z $350 RK6 3404 
4 1 06 4882 3176 
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Fic. 2. Orthorhombic cells. 


n, is the number of atoms of the kind & within 
an elementary cell. Replacing again the deriva- 
tive by the difference quotient, we can now 
calculate the factors Sjx2, Sixes, Suez, etc. The cell A 
gives the factors sy. for the simple cubic (SC), 
body centered (BC), and face centered (FC) 
cubic lattices, and for the lattice types of NaCl, 
CsCl, ZnS, CaF: and diamond (DI). The cell B 
furnishes the factors sy. for (SC), (FC) and 
NaCl, and cell C gives these factors for (BC), 
CsCl, ZnS, CaF, and DI. For instance we get 
for the NaCl lattice 


j 1 
Siiy= 100 |} (LiztLyetLu.t 418z/A~ ae 


| 


Sia7>=Sea2 = 100 {3 Liezt Liszt hluztLuzan- 4 fe 


y =100(3(Lizt+Lies)s— 3}, 


a 
iI 
“A 
ied 
to 
4 
| 
” 
| 


100 {$(Lisz+Lisz)a—}}- 


wo 
“ 
II 
“ 
~ 
) 
© 
<A 
2 
~ 
& 
II 


Similar expressions give the sx, for the other 
lattice types. The symmetry of all lattices re- 
ey and Susze= —Syxey and from (15) 
it follows that sa.=—2su- and sx,.=0. For 
NaCl, CsCl, and ZnS we have evidently sy, 
=Se0,, but for CaF, this is not true.” 

The factors sy, and sy. in Table II determine 
the change of the Lorentz-Lorenz force produced 
by a uniform strain or shear. Our calculation 


does not,"® however, take into account the “‘inner 


quires Six2=S 


17 For CaF; the first column in Table II refers to Ca, 
the second to F. 

‘8 These displacements, which give rise to the piezo- 
electric effect and invalidate the Cauchy relation for the 





TaBLe II. Change of Lorenis-factor with deformation. 














Crrsrat 
TYPE SC FC BC NaCi CsCl ZnS CaF: DI 
Mis™ Aly 050 088 00h 0.03 0.50 0.08 0.03 0s) -—0.22 
Mle —-100 -06 -08 -06 -10 -—-06 -—0 —-10 “4 
ar™ Oniy 7 —AT - AT -A7 —A7 
fies ~—1 -“ wt MM Mw 
fis'=*—-ny,’ 33 -0 —62 —.60 3 - —& 33 —1.00 
Ser" 1.26 —158 —158 —1.58 —1.58 








displacements” which occur for shear in ZnS 
and CaF». 

These values agree neither with Herzfeld's nor 
with Banerjee’s results. Comparison with Herz- 
feld’s notation shows (his Eq. (12)) that his 
values a and 8 give for the NaCl lattice 


Sus= 0.585—32 = —0.082 
Siee= —1.248—3 = —1.915 
Siz 0.081 — 3 = —0.586 
Siez= 2.255-—%= 1.588. 


Si:, and Sj¢, are in fair agreement with our values, 
but Si: and 5,2, are not. Since Poisson's equation 
requires Sy,=—2Si12 and $)2.= —25,22, Herz- 
feld’s values of sy. and Sij2. must be wrong.” 
Herzfeld’s calculation is marred only by a 
numerical error, whereas Banerjee’s method con- 
tains a fundamental error which is discussed in 
the next section. 


BRAGG'S THEORY OF THE LORENTZ-LORENZ 
FORCE 


Bragg’s method is based on the classical pro- 
cedure of H. A. Lorentz. One considers a spherical 
or cubical boundary around the chosen atom. 
The solid outside the boundary is considered 


elastic constants, complicate our problem considerably. 
They lead to Liss, #0. We neglect this effect, because the 
magnitude of the displacements is not known. 

'* The relation between s;, and a, 8 was communicated 
to the writer by Professor Herzfeld. Professor Herzfeld 
agrees that his values, —0.081 and 2.255, are incorrect. 
He has asked mé to call attention to the following correc- 
tions to his paper (J. Opt. Soc. Am. 17, 26 (1928)): The 
first formula on p. 31 has the wrong sign and is incomplete. 
(The corresponding equation in the appendix is almost 
correct.) The factor 3 in the next formula should be 
omitted. In the second equation in the appendix, (3+-1) 
should be replaced by (3+ 4) and, in the first formula on 
p. 36 some coefficients are wrong. A recalculation, carried 
out by Dr. M. Goeppert-Mayer, gives, for stress parallel 
to the field, a=—0.590 and 8=1.276. Using Poisson's 
equation, this gives for stress normal to the field a = — .706, 
8 = — 1.638. These new values give 5. =0.039, 5), =0.971, 
Site = —0.077, Sing = — 1.943. They are in good. agreement 
with our values, which have an accuracy of +0.01. 
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continuous matter, and one adds to the field of 
this polarized continuum the field of the dipoles 
within the boundary. Banerjee® applies this 
method in the following manner. He considers a 
cubical boundary. The field of the continuum is 
then 4xP/3 and the field of the dipoles within 
the cube is F,’=3) yi.x?7/r,5>— > u:./ri3. In the 
undeformed state the latter vanishes for D 
lattices. Deformation due to a strain z, changes 
the coordinates of each dipole from x;, yi, 2; to 
xi, Vi, 2(1+z2.) and the field of the dipoles 
within the boundary can be developed in powers 
of z,. In first approximation 


F,! =2,[ 3) wisti?/rP—15> i .x22,7/7,7] 
F,' =2,[ 3) ui,3;? ré— 15> iii 2;7/r;* |, 


F,’ =3,[9> uit? ri— 15> ui 28i* ri 


Banerjee calculates these sums for the NaCl and 
CaF, lattice. His results can be written F;,’ 
=82,A[{ By, .u12-+Bi2.u2, |, where the By, are 
the numerical values of the finite lattice sums. 
Since these sums contain only the coordinates of 
the atoms in the undeformed state, Banerjee 
extends the summations over a cube. But this is 
wrong. The atoms which are within a cube in 
the deformed state, are not within a cube in the 
original state. In other words, Banerjee does not 
calculate the field of the atoms contained in a 
cube of the deformed crystal, but of the atoms 
within a rectangular box with the dimensions 
A,:A,:A,=1:1: (1+2,). Hence the field of 
the continuum is not F’’=4xP/3 but 


F,” -_ 4P, sin 1 {2A A nil ‘ A t+ J 
A2+A 


This gives, in first approximation 


F," =42P,/3+4P,3-'s,, 
FP,” =4rP, 3—8P,3 ig, 


and the Lorentz-Lorenz forces are therefore 
F,,=E,+F;.'+F," 
=E,+47A US Mebes 
xX [4+2.(2Busr'm-'+ 213-1 
F,,=E,4+F,,'+F," 
=E,+4rA') nim, 


19 3-I_-! 


X[4+2.(2Busr ‘nm, 
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Comparison with (16) gives 


and we can calculate s,, from Banerjee’s value of 
By,,. For NaCl we get, since n;=n,.=4 


Surz= — 251:2= 1.9005 /24—2X3-'x' = — 0.0651, 
Si22= — 2512,= —9.9613/20r—-—2XK3-' x! 
= — 1.9529, 

For CaF>s, where ,=4, m2=8, 
$112 —0.0651, 
Seo2= — 25222 

= — 8.0608 /427—2 X3-'x-'= — 1.0090, 
Sio2= — 2512, = 16.4904 (42 —2X3-'n-'=0.9447. 
In Banerjee’s paper the terms 2X3~'!x' are 


neglected.*° 
The agreement between these and our previous 


results shows that the Ewald-Born and the 
Lorentz-Bragg methods are equivalent. 
THE ANISOTROPY OF THE COULOMB FORCES 


In an ionic lattice the potential of an atom i 
due to the charges qe of all the other ions is 
V.=z,e¥(0)+e>-'.¥(ra) € is the positive value 
of the electronic charge and x is the valence of 
the ions &. The equilibrium condition demands 
(grad V;)o=0. 

Under the influence of a light wave oscillating 
in the x direction the atom i becomes an oscil- 
lator. With Born? we make the assumption that 
the oscillator can be considered as a vibrating 
“electron” with the charge The 
acting on this electron are the binding force of 
the atom i, the Lorentz force of the light wave, 
and the Coulomb forces of all other ions. If the 


— f é. forces 


electron has a displacement wu;, from its rest 
position, the Coulomb field is 
F;.°= —(0°V;/ dx") 9° uje= 
—eu;,[ 2;)(0°W/ Ox") o+ Do 2.(0*yp, dx? 
-y 
It is that, in spite of this large error, 


surprising 
Banerjee finds reasonable results. This is probably due to 
his questionable method for calculating the refractive 
index (Banerjee’s Eq. (6) and (8)). We have not succeeded 
in correcting his calculations for shear 
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PHOTOELASTIC EFFECT 


In a D lattice it follows from (15) that (dy, Ax*), 
= (yp, dx*),. =4r 3d and hence F;,°= — eu; Ar 
3A4-302,.=0 because of the neutrality condition. 
Hence the Coulomb forces do not influence the 
refraction of D lattices. 

In an elastically deformed D lattice, we get, 
using (13) and (14) F,.°= —4reu;,A 7D 2,Lice. 
Since —u;:fie=—uiz, 2% =0, this can also be 


dz 
written 

F 52° =Arpiet (fA) "> 2pm S xs. (18) 
Analogous equations hold for F*;,, F°;..= — F*;,:. 
In amorphous’ solids all sy,=1/15, sy.= —2/15 


and hence, since >" ,.z,=0, Coulomb forces have 
no influence. 


INFLUENCE OF HYDROSTATIC PRESSURE 


Hydrostatic pressure does not change the 
symmetry of cubic crystals. Since x,= y,=2, it 
follows from (15) that the Lorentz factor is 1/3 
and the Coulomb forces have no influence. This 
supports our previous statement that, in cubic 
crystals, the change of refraction is not due to 
the Coulomb forces, but is caused by a change 
in the binding force of the optical electrons. 

The Lorentz-Lorenz equation must therefore 
be valid for hydrostatic pressure and should 
determine the change of the index of refraction n 
with the density p. Pockels'® has calculated 
dn/dp from photoelastic data, using (3), and 
has shown that for NaCl, CaF, and probably 
also for KCl, it has practically the same value as 
—1/a-dn/dt, where a is the coefficient of tem- 
perature expansion. But the observed increase 
of m with density is considerably smaller than 
the value given by the Lorentz-Lorenz equation. 
This equation can only be reconciled with the 
observations if we assume that a compression 
reduces the polarizabilities of the atoms. We 
must assume that a change of volume AV in- 
creases all refractions R;/=R 1+ A,;AV) and 


get then 
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p-dn/dp=(n*—1)(m*?+2)(1—Xo) /6n 


(19) 
Ao= YAm,R,; > n Ry. 


The data in Table III show that A» has, within 


TABLe III. 

CRYSTAL pdn/dp —(l/a)dn/di (n® —1)(n* +2) /6n he 
NaCl 0.304 0.305 0.656 0.536 
KCl 30 .576 48 
CaF: 251 22 498 50 











the accuracy of the data, the same value for 
NaCl, KCl, and CaF», and differs but little 
from the value’ 0.4 found for glasses. 


OpTicAL ANISOTROPY OF THE ATOMS 


It is natural to assume that in unstrained D 
lattices all atoms are optically isotopic. Since a 
hydrostatic pressure alters the refractions, a 
strain will produce optical anisotropy of the 
atoms. A distortion of the lattice produces a 
deformation of the atoms. We must assume a 
linear change of the molar refractions R,, or 
the polarizabilities a,, with the strain. If A is 
Avogadro’s number, we have 


R.,.=4rAm, 3=R,,=R,(1+%22,), 
R,,=47Aam,,/3=R,(1+,,2;). 


(20) 


For a shear we must assume 
Riz =Ri(lt+rex,’), Rey =Ri(lt+yx,’). 


The change of the refraction due to hydrostatic 
pressure is determined by Ay= 4(Aie+ 2X2). 


CALCULATION OF THE PHOTOELASTIC CONSTANTS 


Under the influence of the Lorentz and 
Coulomb forces the atoms i acquire the dipole 
moments y;,=a;z( Fi,+F;,.°), where a;, is the 
polarizability for the frequency of the lightwave. 
Introducing the expressions from Eqs. (16), (18) 
and (20), we get a set of linear equations for 
the moments y;, 


Mis 3R; 1+r;.2,) ATE, 4rt+A'Y mie! b+si 222) t+ui2t.( fA)" DL amsausz |. 


From their solutions we determine 


21) 


| 
44) 
n 


(n,2—1)/4e=P,/E,= Cus 








For z,=0, one finds the Lorentz-Lorenz equation 
n?—1)/(n?+2)=}>,.R,/AA. Differentiation of 
(21) gives, according to (4), p., and if the same 








eee es 
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way one determines ~, and p,-. In differentiating 
we must take into account the fact that a strain 
z, changes the volume A of the elementary cell. 
The final result can be written 


pe=pot pe’ +pi't+pz*, 


pP:=potp.*+p.'t+p.", 22 

y= pret pat p*s. 

po is due to the change of the density 
Po= (n*?+2)/3(n*?—1). (23) 


This term is responsible for the fact that p,; and 
Piz always have positive values. p.” is due to 
the anisotropy of the Lorentz force 


pe = —LsnenimR:R,/ (Son R:)*, 24 


i, & 


p.° gives the effect produced by the Coulomb 


field of the ions 


Nm 
a 


b= — DLReaifioO So nasas/(SimRi)*. | 
k 
If the refraction of the atoms 7 is represented by 
a set of oscillators with the refractions R;, and 
strengths f;,, one must substitute R?/f;= >> R;?, 
fi; Ri=SXRu. pf.“ is the contribution of the 
optical anisotropy of the atoms due to strains 


‘= —(m?+2)rX,/3(n*—1), (26) 


where ; : 
Ae= D> AvMiRi/ dn: Ry. 


Equations analogous to (24), (25), (26) give 
p.”, p*», etc. Finally we write 


p=p.—pi=p'+p'+p*, 27 
where, since for all D lattices sx.= —2s%., p’ 
=—3p,", p= —3p.°, p*= —X mn? +2) /3(n?-1 


A=A,—A-. Ao, which determines the change of 


refraction due to hydrostatic pressure, is 


p= (Ri +R2)-*(0.09( R,2+ Re?) +5.82RiR.+2 
2.52R,R2—1. 


p’ =(Ri+R:2)-*[0.60(/R2+ Re? 


*t Pockels’ data verify these relations, but Banerjee’s 
data give slightly different results. According to our 
theory we must expect deviations from Pockels’ theory, 
because the \y, are not components of a simple tensor. 
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The shear constant of photoelasticity is given 


by 
i ; ok , aif 

p=p' +p +p", 29 
where 
pL I . pc P yA ; 9 ) > 
Pop'n P =P} PD =—N(n*+2)/3(n*-1 


niR,/ > nj Rj. 


Eqs. (27) and (29) represent our final result 
They give p and ’, which, according to (4), are 
proportional to the elasto-optical constants. 


COMPARISON WuiTH EXPERIMENTAL RESULTS 


In the experiments the accidental birefringence 
is measured as a function of the applied pressure. 
If C is the difference in optical path of the 
ordinary and extraordinary ray produced by a 
pressure of 1 dyne cm* directed normal to the 
light path of 1 cm length, then 


Pir— Prie=2AC, N°( S13 —S 2 
bis =20C2/n 54, 


Here \ is the wavelength of the light, s» are 
Voigt’s elastic moduli, and C; and Cs refer 
to pressure normal to the cube and octahedral 
faces, respectively. If the pressure is normal 
to a dodecahedral face, one gets® C3=Coe, C, 
= 4(C,+C2), where C; and C, are for light normal 
to dodecahedral and cubic faces, respectively. 
Only determinations of C for small pressures 
have a physical significance. Large pressures 
produce translation gliding and lead to irre- 
versible effects.” 

Reliable determinations of all the quantities 
C;, Sm and m are available only for NaCl, KC! 
and CaF>.** They refer to sodium light and give 
for NaCl p=—0.124, p’=—0.065; for KCI 
p=0.179, p’= —0.182 and for CaF: p: 0.653 
p’= 0.179. 

For crystals of the type NaCl the theory 


gives 
82s R, fi- R;° Ta —A(n--+ 2 3 nN ] ; 30 
862(R,° f;—Re?/ fe) |\—X (mn? +2) /3(n?*—1). 31 


2 The results of Maris, J. Opt. Soc. Am. 15, 194 (1927 
are probably due to this effect. This is shown by Ritzel 
Zeits. f. Krist. 52, 275 (1912). 

Che values for NaCl are averages calculated from the 
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The index 1 refers to the negative ion, and z is 
the valence of both ions. 

Under a pressure normal to a cube face the 
NaCl lattice approaches the structure of a chain 
lattice. Consequently the influence of the Lorentz 
force given by the first two terms of (30) pro- 
duces positive birefringence. The next terms are 
due to the Coulomb forces. The negative ions 
give a positive contribution because they are 
surrounded by positive ions which attract the 
optical electron. A pressure increases this attrac- 
tion in the direction of the stress, and hence this 
gives rise to positive birefringence. For the 
positive ions this effect is reversed, but, since in 
most cases R, > Ro, the net effect of the Coulomb 
forces is a positive double refraction. Hence in 
every case the Born-Ewald theory gives positive 
birefringence for any NaCl lattice compressed 
normal to a cube face. The fact that sodium 
chloride shows negative birefringence shows 
clearly the importance of the optical anisotropy 
of the atoms due to pressure. We conclude that 
p is the difference between two large terms of 
equal magnitude, and this explains why it is 
always small for NaCl lattices, and why it can 
be positive or negative. 

For pressure normal to an octahedral face the 
Lorentz force gives either a small positive or a 
negative effect. But the Coulomb forces and the 
anisotropy produce negative birefringence, and 
hence p’ is always negative for NaCl lattices. 

A quantitative test of the theory requires the 
values of R and f. The ionic refractions are 
known with a satisfactory degree of accuracy. 
However, very little is known concerning the 
strengths f; of the oscillators. Herzfeld and 
Wolf* have shown that for ions f probably has 
the same values as for the corresponding inert 
gases. We shall base our calculation on this 
assumption, but we are aware that this may be 
incorrect. From the point of view of the quantum 
theory of dispersion there is even some doubt 


data of F. Pockels, Ann. d. Physik 39, 440 (1890), and of 
K. Banerjee, Ind. J. Phys. 2, 195 (1927). Their results 
differ by about 8 percent. Pockels’ results for KCI are 
corrected by using Fdérsterling’s values of the elastic 
constants (Zeits. f. Physik 2, 172 (1920)). CaF: was 
measured by Pockels, Ann. d. Physik 37, 372 (1889). 
Many other investigators have verified the signs and order 


of magnitude of the six constants. 
** Herzfeld and Wolf, Ann. d. Physik 78, 35 (1925). 


whether our f values are identical with the 
strength of the oscillators. 

If we use for NaCl and KC! the values given 
by Herzfeld and Wolf, we get 


for NaCl p=0.401+0.597 —1.055A; p’ 

= 0.392 —0.394—1.055X ; 
for KCl p=1.008+0.426—1.152A; p’ 

= 0.005 —0.282 — 1.152)’. 


To get agreement with the experimental results, 
we must have for NaCl, \=1.06, \’=0.06; for 
KCI, A= 1.08, \’= —0.09. 

These results are very satisfactory for the 
following three reasons: 

(1) The order of magnitude of the values of \ 
is the same as for glasses. For glasses’ we calcu- 
lated L*~0.6, and this represents an average 
value between \ and X’. From (28) and the data 
in Table II we get for NaCl, \,=1.24, A,=0.18; 
for KCl, A,=1.20, \,=0.11. This leads to the 
same conclusions as in our first paper. A strain 
of 1 percent increases the refractions parallel to 
the strain by about 1.2 percent. Moreover, it 
increases slightly the refractions perpendicular 
to the strain. 

(2) Although they have different photoelastic 
properties, both crystals lead to almost identical 
values of all factors \. This agrees with the fact 
that the refraction of NaCl and KCl is largely. 
due to the Cl ions. 

(3) In both crystals the anisotropy produced 
by a strain z, is much larger than the anisotropy 
produced by a shear. A strain alters the distance 
between nearest neighboring atoms. For a shear, 
however, the NaCl distance remains unchanged. 
Hence A>’. The optical anisotropy due to a 
shear is caused by the change of the Cl-Cl 
distance. In NaCl the Cl ions are in contact with 
each other because the Na ions are smaller than 
the Cl ions. In KCI the Cl-Cl distance is larger ; 
hence \’xaci >A’ Kcr. A negative value of ’ is 
improbable and can be avoided by choosing 
slightly different values of R; and fj. 

If, as in KC], the anion and cation are almost 
equal in size and structure, it is reasonable to 
assume \’=0 and f;= fe. The shear constant of 
photoelasticity is then determined by the Ewald- 
Born theory, and this offers a unique method 


** Herzfeld and Lee, Phys. Rev. 44, 623 (1933) conclude 
that f is probably larger than the strength of the oscillator. 
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for the determination of the ratio r= R,/R:2 of 
the ionic refractions. Namely, it follows then 


from (31) 


(1+7)*p’=0.60(1 + 7°) —2.52r—1.86(r?—1)/f. 


Assuming fx=fo=far=4.58 leads to r=5.12, 
and since Rx+Rej= Rec =10.85 we get Re 
=9.07, Rx=1.78. Re is in very good agreement 
with the value given by Born and Heisenberg.” 
Rx is somewhat smaller than the accepted value 
for the free ion, Rx= 2.23. Agreement with the 
values of Fajans and Joos* and Pauling” can be 
reached by choosing f=5.9, or by assuming a 
30 percent larger experimental value. The latter 
alternative is not excluded because Pockels and 
Voigt report that their KCI crystals were 
optically and elastically imperfect. 

For CaF, the theory gives, if we introduce 
Rr=2.5, Rea=1.35, fp=2.37, fca=4.58, p=0.46 
—0.73—1.28A; p’=0.35+0.48—1.28’. For a 
pressure normal to a cube face the Lorentz 
force again produces positive birefringence, but 
this is compensated by the negative contribution 
of the Coulomb forces. Hence CaF, becomes 
negatively birefringent. For a pressure normal 
to an octahedral face the Lorentz and Coulomb 
forces produce positive birefringence which 
cannot be compensated by the relatively small 
anisotropy due to shear. Qualitatively the theory 
explains the photoelastic properties of fluorite. 
Quantitatively, however, we find \=0.3, which 
is certainly too small, and \’=0.5, which is too 
large. By choosing fp=5, much more sensible 
values, A=0.61, \’=0.06, are obtained: An in- 
vestigation of the dispersion of the photo- 
elastic effect should determine the proper choice 
of the f values. It is doubtful whether the inner 
displacements would change the result. 

For diamond Wertheim** observed a negative 
stress optical constant, but he does not state the 
direction of pressure. The fact that the photo- 
elastic effect can be observed even in small 
crystals in spite of the large elastic constants of 
diamond, indicates that either p or p’ must have 
an unusually large negative value. The theory 
confirms that p= —0.66—A(m?+2)/3(m?—1) is 


** Born and Heisenberg, Zeits. f. Physik 23, 388 (1924). 
a7 L. Pauling, Proc. Roy. Soc. All4, 181 (1927). 
** Wertheim, Pogg. Ann. 86, 321 (1852). 
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negative and at least ten to twenty times larger 
than for NaCl. Since the index of refraction of 
with temperature,” XA is 


diamond increases 


probably also unusually large. 


PHOTOELASTICITY AND CRYSTAL STRUCTURE 


Pockels” has classified the cubic crystals in 
four groups according to the signs of (fi: — pi») 
and p4s, or, what is equivalent, of p and p’. 


Group p p Example 
I ~ none 
II - ad NaCl 
Ill _ + CaF; 
IV + - KCl 
Observations with crossed nicols of the inter- 


ference colors produced by pressure decide to 
which group a crystal belongs. 

In general the theory is not able to predict the 
sign of p and p’. Negative values are assured if 
the Lorentz and Coulomb forces produce nega- 
tive birefringence, because the anisotropy will 
always give a negative effect. If p” and p 
together give a positive value, the result depends 
on whether or not (p+ *) is large enough to 
compensate the effect of the anisotropy of the 
atoms. Since the magnitude of the latter cannot 
be predicted, no definite answer can be given. 
Our results on glasses, NaC! and KC! indicate 
that p* has for most substances nearly the same 
value. Hence we expect a positive value of p if 
(p+ p*) >1. For shear the anisotropy produces a 
smaller effect and hence p’ will be positive if 
(p’’ +p") >0.3. The choice of these limits is 
somewhat arbitrary, and in border cases our 
conclusions will not always be justified. 

Using these critical values we are now able to 
predict certain correlations between Pockels’ 
groups and the various cubic lattice types. For 
monoatomic crystals we have p°=0, p*= 35112, 
and p’”= —s),,. From the values in Table II we 
conclude that simple cubic lattices belong to 
group IV, face- and body-centered and diamond 
lattices to group III or eventually to group II. 
Experimental verification is only possible for 
diamond. 

For the diatomic lattice NaCl, 
CsCl and ZnS, the results depend on the ratio 


ionic types, 


29 A. Sella, Rend. 1891). 
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PHOTOELASTIC EFFECT 


r= R_/R,, the values of f_, f, and the valency z. 
For all three types we have 


pi t+ pt =3s1r24+3(S122—Siz) 

x (1+r)-*- [27+ (r?—f_/f,)2/f_], 
p' +p" = — Sie + (Sie — S122") 

X (1+91r)-*- [27+ (r?— f_/f,)2/f_]. 


Fig. 3 shows the variation of p*+)p° and p’”"+p" 
with r. The dotted curves give p* and p’”. We 
have assumed” f_/f,=1, and have used the 
values z/f_=0.2 and z f_=0.4. For most crystals 
z/f— will be between these limits. For lattices of 
the type CaF. we get two sets of curves, one 
corresponding to CaF, BaF>, etc., the other to 
LisO, NaeO, etc. The curves in Fig. 3 are calcu- 
lated for f_=3 and f_=6, f_/f,=1. 

Fig. 3 shows that, whenever p’+ * is large, 
p’'”"+p” is small or negative, and vice versa. 
Consequently, none of the lattice types con- 
sidered corresponds to Pockels’ group I. No 
crystal belonging to this group has ever been 
found. 

For the lattice type NaCl p’ is always negative ; 
hence these crystals belong either to group II or 
IV. They belong to group IV if r<10 or if < f_ is 
large. This is the case for all K-, Rb-, Cs- and 
NH,-halides, and for the bivalent salts, BaO, 
CaO, etc. The Na- and Li-halides, however, 
belong to group II. According to Fig. 3 no other 
lattice type belongs to group IV. This fact can 
therefore be used for the determination or 
verification of crystal structures. 

The CsCl structures can belong to group II 
or III, but, since group II requires r>10, all 
the Cs- and NH,-halides will have the photo- 
elastic properties of group III. No observations 
on these crystals have been made. Measurements 


°° In all cases where f_/f, differs much from unity the 
ratio r is so large that the value of f_/f, is immaterial. 
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Fic. 3. Variation of photoelastic constants with ionic 
refraction (r= R_/R,). 


on the ammonium-halides would furnish an 
interesting test of the theory because the two 
modifications of these crystals should show 
different photoelastic properties. 

Crystals of the type CaF, behave like CsCl 
and all known crystals belong to group III. 

All crystals of the types ZnS and Na,O should 
belong to group III irrespective of whether the 
binding is homopolar or ionic. For ionic crystals 
an unusually large effect would have to be 
expected. 

All these conclusions agree with the known 
facts. The number of reliable*® observations is 
very limited, and we hope to present soon 
further verification of the theory. An extension 
of the theory to more complicated lattices re- 
quires the calculation of intricate lattice sums. 





t Many observers do not realize that in cubic crystals 
the photoelastic effect depends on the direction of pressure 
and observation, and their results cannot be used since 
they neglect to state these directions. 
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The Contact Difference of Potential Between Tungsten and Barium. The External 
Work Function of Barium 


PauL A. ANDERSON, State College of Washington 
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An intensive study of the contact difference of potential 
between tungsten and barium has been made with the 
purpose of developing a generally applicable method of 
measuring contact potential differences under the most 
rigorous conditions possible. Extreme out gassing of surfaces 
in the highest attainable vacuum is found to be essential 
but when these requirements are met highly reproducible 
measurements can be obtained. The tubes are sealed from 
the pumps after baking, gettered with barium, and 
immersed in liquid air during measurement. The tungsten, 
in the form of a thin ribbon, is cleaned by flashing at 
2800°K until its work function remains unaltered by 
further heating. Barium films are deposited on the tungsten 
ribbon by thermal vaporization and their reproducibility 
checked by measuring a succession of films formed in a 
fractional distillation of the metal. The measuring tech- 
nique is designed to detect any changes in work function 
which may occur immediately after the preparation of a 


clean surface and to prevent accidental contamination of 
those parts of the tube which must be maintained at 
constant work function. Sharp localization of the surface 
areas for which electron current-potential characteristics 
are taken and an increased sensitivity of measurement are 
secured by using a narrow and intense beam of electrons 
and determining displacements of the characteristics in 
the retarding potential region. Measurements with three 
types of tubes and with samples of tungsten and barium 
from several different sources give the value 2.13+0.05 
volts for the contact difference of potential between 
tungsten and barium; 2.39+0.05 equivalent volts for the 
external work function of barium. The method can, 
presumably, be quite generally applied to the measurement 
of the contact potential difference between a tungsten 
reference surface and any other metal and is adapted, also 
to the study of dilute films of any metal on tungsten. 





T is a consequence of the Sommerfeld theory 

that the contact difference of potential be- 

tween two metal surfaces is equal to the differ- 
ence between their external work functions:! 


V ab = Ga — Ob. 


Contact potential measurements should be ca- 
pable (1) of determining work function values 
for a far wider range of surfaces than can be 
studied by either thermionic or photoelectric 
methods, and (2) of furnishing a powerful means 
of attack upon adsorption problems, in which 
studies of highly dilute adsorbed films may be 
expected to be especially significant. 

The fact that these rather attractive possibili- 
ties have not been more fully realized in practice 
probably can be attributed to the lack of a gen- 
erally applicable technique of measurement pro- 
viding for adequate vacuum conditions and 
sufficiently thorough outgassing of surfaces. This 
lack, evident even in much of the recently pub- 
lished work, is reflected in the discordant results 
which have characterized contact potential meas- 
urements generally. It was the purpose of the 
present work to make a careful study of contact 


' Eckart, Zeits. f. Physik 47, 38 (1928). 
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potential in a single system of intrinsic impor- 
tance with a view to determining the vacuum 
and outgassing conditions required for reprodu- 
cible measurements, and to developing a method 
of measurement applicable to a wide variety of 
metals. 

The main features of the method as it has been 
worked out are: (1) After thorough outgassing 
the tube is sealed from the pumping system, 
gettered by the vaporization of barium, and im- 
mersed in liquid air during measurement. (2 
Clean tungsten is chosen as a reference surface 
to which the contact potential difference of the 
pair of metals is referred. For the purpose of 
systematizing the results of different investiga- 
tions the selection of a standard reference surface 
has manifest advantages. Since tungsten is one 
of the few metals which can be heated to tem- 
peratures necessary for the removal of all gaseous 
and solid surface impurities and since its work 
function is known so accurately that a reliable 
determination of the contact potential between 
it and any “unknown”’ surface establishes the 
work function of the latter, it is well suited to 
the purpose. (3) The metal surface to be meas- 
ured against tungsten is formed by thermally 
vaporizing the metal and the purity of the film 
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finally measured checked by measuring the con- 
tact potential of each of a succession of films 
formed in a fractional distillation of the metal. 
The attainment of a contact potential unaltered 
by further distillation is taken as the criterion of 
a clean film. It is likely that the metals which 
melt or vaporize at temperatures below the va- 
porizing temperatures of the common oxides and 
salts, i.e., most of the common metals, can be 
freed of solid surface impurities as well as ad- 
sorbed gases only by such a distillation in high 
vacuum. The extension of the technique to the 
general case in which barium is not one of the 
metal pair undergoing measurement involves 
merely the addition of a separate barium getter- 
ing chamber to the tube. (4) A method of meas- 
urement is used which makes it possible to follow 
closely any changes in work function which may 
be experienced by the tungsten immediately after 
it is flashed, or by the freshly distilled metal film 
immediately after it is formed. It was found early 
in the course of this work that in an unsatis- 
factory vacuum the work function of a fresh 
surface changes very rapidly and may then at- 
tain a constant value which, without provision 
for immediate measurement, might be accepted 
as characteristic of the clean surface. 


METHOD 


Contact differences of potential have been 
measured in the past by the well-known Kelvin 
method? and by determining the displacement 
along the potential axis between the parallel 
electron current-potential characteristics given 
by surfaces of different work function. The latter 
method has been employed in various modifica- 
tions by Ménch,’ Langmuir and Kingdon,‘ and 
Késters,® and Ménch* has published some results 
which seem to indicate that the Kelvin and elec- 
tron methods when applied to a given surface 
yield values which agree within the experimental 
error.’ 


2 An interesting modification of the Kelvin method has 
been described by Zisman, Rev. Sci. Inst. 3, 367 (1932). 

3’ Minch, Zeits. f. Physik 47, 522 (1928). 

*‘ Langmuir and Kingdon, Phys. Rev. 34, 129 (1929). 

5 Késters, Zeits. f. Physik 66, 807 (1930). 

6 Ménch, Zeits. f. Physik 65, 233 (1930). 

7 It should be pointed out that it is only in the work of 
Langmuir and Kingdon that the outgassing methods 
employed have been adequate. Their technique is adapted 














Fic. 1. The circuits: P for producing electron beam and 
M for determining electron current-potential character- 
istics of the surface W. R,; = R,=1.2 ohms. Ry=R,=300 
ohms. F = flashing current leads. 


In the present work the electron method as 
previously employed has been modified by using, 
instead of a diffuse stream or space-charge cloud 
of electrons spread over a relatively large area 
of the receiving surface, an intense and narrow 
beam of slow electrons projected against a small 
and sharply defined section of the surface. This 
area, while large with respect to the small-scale 
structural variations which characterize the sur- 
face, is small enough to eliminate uncertainties 
due to accidental large-scale variations over the 
surface. The sensitivity of measurement, as de- 
termined by the slope of the electron current- 
potential characteristic, is also materially in- 
creased. By using the characteristic curve dis- 
placement in the region of retarding potential it 
has been possible to obtain with a short period 
galvanometer of only moderate sensitivity (10~* 
amp.) a precision of measurement of the order 
of 10-*-10~* volt, or from ten to one hundred 
times the best reproducibility which can be ex- 
pected. Fig. 1 is a self-explanatory diagram of 
the electrical circuits with a schematic indication 
of the tube. ‘ 

The method of measurement may be outlined 
as follows. A beam of 4 to 8 volt electrons is 
directed by the electron gun EA against a small 
area near the center of the strip of tungsten foil 
W and the current to the foil plotted as a func- 


only to the study of surface films of substances which have 
an appreciable vapor pressure at room or slightly elevated 
temperatures. 7 
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Fic. 2. Typical current-potential characteristics for clean 
tungsten W,, barium Ba, and incompletely cleaned tungsten 
W’ surfaces. Current in mm galvanometer deflection D 
Retarding potential — V in volts. 7 volt electrons. 


tion of the retarding potential applied to the 
strip. A typical curve is reproduced in Fig. 2. 
Any change in the work function of the surface, 
whether due to a readsorption of gas or to the 
deposition of another metal, produces a shift of 
the straight-line portion of the curve by an 
amount equal to the contact difference of poten- 
tial between the initial and final states of the 
surface. The shifts produced by a barium coating 
and by a slight gas contamination are indicated 
in the figure. In practice the shift is determined 
by first plotting the curve for the clean tungsten 
reference surface, choosing a reference current 
Ip near the middle of the straight-line part of 
the curve, and then determining the change in 
applied potential necessary to reestablish this 
reference current. Rapid changes in work func- 
tion such as occur immediately after flashing 
tungsten in an unsatisfactory vacuum are fol- 
lowed by observing the drift in the galvanometer 
deflection for a fixed applied potential. In an 
adequate vacuum this drift becomes negligible 
during the time required for a set of measure- 
ments. 

In the early stages of the work an ionization 
manometer was used for measurement of residual 
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gas pressures in the tube but it became clear that 
the testing procedure just outlined, referred to 
hereafter as the ““vacuum test,”’ was more reliable 
than measurements with the ionization gauge, 
which itself usually evolves or cleans up gas 
during operation. Such ionization gauge meas- 
urements as were made showed the pressure to 
be 10-* mm or less when the vacuum test was 
satisfactory. 

Photoelectric emission from W under the stim- 
ulus of light from the electron emitter was a 
possible source of error which had to be consid- 
ered. An inverse electron current large enough to 
introduce such an error would, however, produce 
a detectable overrunning of the galvanometer 
zero at high retarding potentials. Since no over- 
running could be detected either with tungsten 
or with barium surfaces the inverse currents if 
present must have been negligibly small. 


THE TUBE 


Tubes of three different types, only one of 
which will be described in detail, have been stud- 
ied during the course of this work. The first tubes 
to be tried out, designated Type 1, were of very 
simple design. The tungsten strip was mounted 
opposite the mouth of an electron gun of the 
Farnsworth pattern® and barium vaporized from 
a molybdenum foil oven mounted at the side of 
the tube between gun and strip. After outgassing, 
sealing off, gettering, and prolonged immersion 
of the tube under liquid air or liquid hydrogen® 
the vacuum was such that the galvanometer de- 
flection read a few seconds after flashing the 
tungsten at 2800°K unchanged to 
within 1 mm when the tungsten was allowed to 


remained 


stand cold for periods as long as 20 minutes; i.e., 
the work function remained constant to within 
0.001 volt during this period. The behavior of a 
freshly deposited barium film was similar, but 
upon removing the barium by flashing and re- 
peating the measurements, or carrying through 
measurements on successively deposited films, 
erratic variations in the contact potential differ- 
ences amounting to several decivolts were found 
J. O. S. A. and Rev. Sci. Inst. 15, 290 


§ Farnsworth, 
1927). 
*This part of the work was carried out at the KaAlte 
laboratorium of the P. T. R., Berlin, during the tenure of 
a National Research Fellowship. 
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These variations were attributed, correctly as 
later work showed, to contamination of the elec- 
tron gun with barium, which apparently migrated 
over the outside of the oven and was vaporized 
from its bottom. As would be expected, the varia- 
tions between successive measurements decreased 
as repeated contaminations brought the gun sur- 
faces nearer to an equilibrium state, and in fact 
the contact potential value finally obtained with 
this type of tube agrees to within 0.1 volt with 
our latest value. 

It was clearly desirable, however, to devise a 
tube in which all possibility of contamination of 
parts which must remain at constant work func- 
tion is eliminated. The later tubes were, there- 
fore, designed to meet the following specific re- 
quirements. (1) During deposition of barium or 
other metal on the tungsten surface it must be 
impossible for the vapor to come into contact 
with any part of the electron gun. (2) It must be 
possible to fuse and vaporize the metal in the 
oven while access of vapor to the tungsten is 
prevented and then, without cooling the oven, to 
form the film which is to be measured. (3) It must 
be possible to remove the metal film from the 
tungsten without permitting the vapor to strike 
the gun. (4) The tungsten receiving strip must 
be close enough to the mouth of the electron gun 
during the measurements to insure the localiza- 
tion of the beam at a small spot near the middle 
of the strip. Of these requirements the first is 
essential in any measurement, the second is 
added to eliminate the possibility of forming the 
film while the vaporizing metal is emitting gas 
which it has absorbed while standing cold, the 
third to allow of repeating the measurements 
under constant conditions, and the fourth to 
eliminate errors due to electrons picked up by 
lead wires or the less thoroughly outgassed ends 
of the receiving strip. Other necessary features 
of a satisfactory design are the elimination of 
large metal parts which cannot be thoroughly 
outgassed and sufficient compactness to permit 
of immersing the tube under liquid air. 

The tube used in our latest measurements is 
sketched in plan and elevation in Fig. 3. The 
requirements noted above are met by placing the 
tungsten ribbon W on a simple rotating spindle 
S and by suitable geometric arrangement of the 
electron gun EA, vaporizing oven B, and mica 
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Fic. 3. The tube. W’ =tungsten ribbon. B =barium oven. 
EA =electron gun. S =rotating spindle. 


shield P.'° The spindle was built of two lengths 
of 1.5 mm tungsten wire connected by a Pyrex 
bead as shown, and a length of close-fitting Pyrex 
capillary which carried the shield, glass-enclosed 
armature J, and glass sights 7. The spindle was 
mounted on small nickel sockets pressed on the 
1.5 mm tungsten leads which supplied the flash- 
ing current to the strip, and driven by the action 
of a small electromagnet on J. Any desired set- 
ting of the spindle could be easily obtained to 





© A glass or quartz shield would be preferable. The 
mica was badly blistered by the heat radiated from the 
tungsten ribbon during flashing. P 
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+0.25 mm by sighting across the paper scale V/, 
pasted on the outside of the tube, and the sharp- 
pointed glass sights. During measurement the 
tube was immersed in liquid air to the level LL. 
The shield P, which became coated with barium 
during the measurements, was grounded through 
a whisker which connected the light molybdenum 
wire supporting the shield with the walls of the 
tube, which were in turn connected by another 
whisker to the grounded anode of the electron 
gun. The spindle sheath was petticoated as shown 
to preserve the insulation between the leads to 
W and ground. 

The vaporizing oven B was of 0.01 mm molyb- 
denum foil 5 mm wide, bent to form a shallow 
trough in its horizontal section and carried up to 
form a heated deflector, which directed an ade- 
quate quantity of barium vapor toward the 
orifice. The oven and orifice defined the vapor 
beam which entered the main chamber and it is 
clear that all of the requirements mentioned 
above could be satisfied by appropriate settings 
of the spindle. The electron gun consisted of the 
emitter E of tungsten foil 0.0228 mm bent 
into a narrow stirrup with effective emitting sur- 
face 2X2 mm, a focusing cylinder made of foil 
of the same thickness and welded to the negative 
emitter lead, and the accelerating diaphragm A, 
a strip of pure tungsten foil 0.011030 mm 
mounted on 1.5 mm current leads. The hole at 
the center of A was 1.2 mm in diameter. The 
field set up by the anode and focusing cylinder 
concentrated the electrons from the emitter upon 
the center of the anode near the orifice, increased 
the electron beam intensity and the slope of the 
current-potential curves, and prevented the 
straying of electrons around the edges of the 
anode. The construction of the anode allowed it 
to be cleaned by flashing not only during the 
outgassing period but at any time during the 
course of the measurements. 

The tungsten ribbon W, 0.025X4xX30 mm, 
was cut from foil which was stated by the makers, 
the P. R. Mallory Company, to be the purest 
available. It, as well as the emitter, anode, and 
oven, was attached to its molybdenum support 
wires with small molybdenum rivets to prevent 
contamination of the surfaces by migrating weld- 
ing flux. 
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PROCEDURE 


During outgassing the tube was connected at 
V with a conventional pumping system which 
consisted of, numbering from the tube, two liquid 
air traps in series, CO, trap, McLeod gauge, and 
Gaede two-stage mercury diffusion pump. There 
were, of course, no waxed or greased joints be- 
tween pump and tube. The liquid air trap nearest 
the tube showed no trace of condensed mercury 
at any time. Before the barium was put into the 
oven the tube was baked at 500°C for at least 
48 hours and the metal parts given a preliminary 
heating. The tube was then opened at //, about 
1.5 grams of barium placed in the oven, and the 
tube quickly sealed off and evacuated. Barium 
from two sources was used in the measurements, 
a sample prepared originally by Dr. A. J. King 
and furnished to me by Professor P. W. Bridgman 
with an analysis showing a trace of strontium as 
the only impurity, and a sample obtained from 
Osram which was stated to contain traces of 
strontium and iron as the only impurities. No 
differences between the samples were detected in 
the measurements. 

After re-evacuation the oven was glowed and 
the barium melted down thoroughly. The tube 
was then baked again for at least 60 hours at 
350°C (a slow distillation of barium which de- 
stroys the insulation in the tube seems to occur 
at 500°) and all of the tungsten strips flashed 
intermittently, A at about 1600°K, E at 2200, 
and W at 2200 with occasional short flashes at 
2800. The glowing temperatures were determined 
to sufficiently close approximation by making an 
initial rough calibration of the readings of an 
optical pyrometer against heating currents for 
each of the strips. During these treatments the 
molybdenum support wires became white hot and 
the tungsten leads themselves probably were 
heated sufficiently to effect a superficial outgas- 
sing of their surfaces. The tube was sealed from 
the pumps while still hot and a fresh coat of 
barium immediately deposited on the walls of the 
oven chamber. 

The final cleaning of the tungsten ribbon W 
was accomplished after sealing off and immersing 
the tube in liquid air, and the progress of this 
cleaning followed by taking the current-potential 
characteristics for the strip after successive flash- 
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ings. A new heating current-temperature calibra- 
tion was made for W through an uncoated section 
of the Dewar cylinder. The strip was given re- 
peated flashings at 2800°K and accepted as clean 
only after the potential setting for a given refer- 
ence current remained unchanged by each of 
several successive flashings. During this cleaning 
process fresh barium coatings were periodically 
deposited on the oven chamber walls and the 
vacuum test applied to check the vacuum condi- 
tions in the tube. 

The general features of the measuring proce- 
dure have been described above. After obtaining 
the potential setting for the clean tungsten sur- 
face, W was turned into the barium vapor jet 
and immediately after a film had been deposited 
swung in front of the electron gun. The setting 
of the sights was such that the electron beam was 
centered on the deposit; it was also the same as 
in the preceding measurement on clean tungsten 
to insure an equivalent geometric arrangement in 
the two measurements. After the applied poten- 
tial had been altered to reestablish the reference 
deflection this deflection was watched for drift, 
which would indicate a progressive change in the 
work function of the fresh film. We were sur- 
prised to find that these barium films were ac- 
tually more stable than the freshly cleaned tung- 
sten surfaces. In practically all cases the work 
function of a fresh barium film remained constant 
to within a few millivolts for periods of at least 
20 or 30 minutes and continuation of the obser- 
vations on a single film for an hour or more has 
failed to discover variations greater than this. 
Since these variations were fluctuations rather 
than progressive drifts they probably originated 
in the measuring circuit or emitter rather than 
in the film. After determining the correct setting 
for the first film a succession of fresh films was 
formed and each measured immediately after 
being deposited. Presumably due to the fact that 
the barium had been melted repeatedly during 
the gettering and a considerable fraction of it 
vaporized no progressive change in work func- 
tion was found even in the first sequence of films 
to be formed and the measurements on these 
films were highly reproducible throughout a com- 
plete set of determinations in which as many as 
22 different films were measured. Repeated 
checks to within a few millivolts could be ob- 


tained and the appearance of larger variations 
could be accepted as a reliable indication of a 
change in electron emission from the gun. After 
establishing the potential setting for barium and 
thus completing one determination of contact 
potential difference the barium film was removed 
by flashing the strip and the whole measuring 
procedure repeated. As many as eight such de- 
terminations could be made before the tungsten 
strip burned out. 

Great care was taken to hold the total electron 
emission of the gun constant during a series of 
determinations. The filament battery was made 
up of six 100 ampere hour accumulators of similar 
discharge history in parallel, the sliding contacts 
of the rough-adjustment 1.2 ohm rheostats (Fig. 
1) were replaced by screw clamps, and fine regu- 
lation of the emitter heating current accom- 
plished by a heavy alloy rod moving in a mercury 
well. The total electron current was checked fre- 
quently and adjusted if necessary. 


RESULTS 


Table I is a resumé of the measurements made 


TABLE I. Measurements of the contact difference of potential 
between tungsten and barium. Accepted value: 2.13 volts. 


a — 


Cell type (—V) W (—V) Ba Contact potential 
3 7.70 10.30 2.60* 
3 7.90 10.30 2.40° 
3 8.16 10.30 2.14 
3 8.15 10.30 2.15 
3 8.15 10.30 2.15 
3 8.17 10.30 2.13 
3 8.19 10.30 2.11 
3 8.18 10.30 2.12 
1 2.30 4.52 2.22 
2 7.99 10.10 2.11 
2 8.09 10.17 2.08 


with the final tube, Type 3, together with the 
value obtained with the Type 1 tube (which as 
mentioned above was not regarded as entirely 
reliable at the time it was made) and two meas- 
urements made with the Type 2 tube, which was 
somewhat similar in design to the Type 3. Only 
the two measurements recorded were made with 
the Type 2 tube before the tungsten ribbon, 
which had been given an excessive heat treat- 
ment, burned out. The measurements, with the 
exception of the two differentiated with aster- 
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isks, group closely about the value 2.13 volts. 
Examination of the potential settings shows that 
the two high values originate in abnormally high 
work function states of the tungsten surface. 
Since the adsorption of any of the gases which 
are likely to be present in a tube raises the work 
function of clean tungsten! these high values 
have been disregarded and 2.13+0.05 volts 
chosen as the value to be considered representa- 
tive of these measurements. If the work function 
of clean tungsten is taken as 4.52 equivalent 
volts” the external work function of barium ob- 
tained by application of the Sommerfeld relation 
is 2.39+0.05 equivalent volts. 

The photoelectric measurements of Pohl and 
Pringsheim™ made on barium which was not out- 
gassed indicated a ‘‘threshold’’ between 1.7 and 
2.3 volts. Since the presence of gas generally 
lowers the work functions of the electropositive 
metals and correction of an apparent threshold 
to its true value at O°K leads to a higher work 
function value, the true value for barium would 
be expected to be near or above Pohl and Pring- 
sheim’s upper limit of 2.3 volts. Nelson" has 
measured the contact difference of potential be- 
tween tungsten and barium-coated tungsten 
emitters incidentally to a study of their thermi- 
onic properties. He reports a value of 2.8~—2.9 
volts, which corresponds in order of magnitude 
to measurements taken in the present work be- 
tween barium and tungsten surfaces which had 
not been completely cleaned. Nelson gives few 
details of the outgassing treatment to which he 
subjected the metal parts of his tube. Since these 
parts were very closely spaced, heating of the 
anode, oxide-coated filaments, and collector by 
2221 


"Langmuir, J. Am. Chem. Soc. 38, 1916 


Warner, Proc. Nat. Acad. Sci. 13, 56 (1927 
2 Dushman, Rowe, Ewald and Kidner, 
338 (1925). 
‘8 Pohl and Pringsheim, Verh. d. 


Phys. Rev. 25, 


Deutsch. Phys. Ges 


13, 474 (1911); Hughes and DuBridge, Photoelectri 
Phenomena, p. 75. 
‘4 Nelson, Physics 1, 84 (1931 
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radiation from the emitter might have caused 
them to give up gas during the measurements. 
The barium was supplied by evaporation from 
oxide-coated filaments and there is the additional 
possibility that the electrolysis of the oxide may 
have been accompanied by a slight evolution of 
oxygen. In view of the tendency of impurities 
to decrease the work functions of the electro- 
positive metals and, especially, of the difficulty 
of freeing a tungsten surface from the oxygen 
coating which raises its work function, it seems 
probable that the true value of the contact dif- 
ference of potential W-Ba is at least as low as the 
value found in the present work. 

By adjusting the temperature of the barium 
oven to give a low rate of vaporization and limit- 
ing the time of exposure of the tungsten ribbon 
to the vapor jet we have found it possible to 
prepare and measure dilute films of barium on 
tungsten (covering factor @ of the order of unity 
and less). As would be expected from the results 
of thermionic measurements” the work function 
of the composite surface decreases with increasing 
coverage to a minimum and then increases to the 
value characteristic of pure barium. The results 
of these measurements will be reported in detail 
in a later communication, together with results 
for barium films on silver and gold. The inter- 
pretation of such measurements is a problem 
quite distinct from that involved in contact po- 
tential measurements on pure metals and it is 
desirable that considerably more data which can 
be compared with existing photoelec tric and ther- 
mionic measurements be obtained before an 
interpretation is attempted. 

I should like to thank Dr. W. Meissner 


Former President Paschen of the Reichsanstalt 


and 


for their kindness in granting me the facilities of 


their laboratories, where the first part of this 
work was carried out. 
Langmuir and Kingdon, Phys. Rev. 24, 510 (1924 


]. A. Becker, Phys. Rev. 28, 341 (1926). 
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Simplified Theory of the Michelson-Morley Experiment 


Roy J. KenNnepy, University of Washington 


(Received March 22, 1935) 


It is shown that a correct application of Huygens’ principle in the theory of the experiment 


leads to the same expression for the expected result as is derived in the simple classical theory. 


The effect due to path difference is shown to be the same as the effect derivable from the 


relative rotation of the interfering beams. Critics of the classical theory have mistakenly re- 


garded the latter value as a compensating factor almost exactly offsetting the first. 


HE usually accepted theory of the Michel- 

son-Morley experiment has been adversely 
criticized in a number of papers, the first of which 
apparently was that of Hicks.' Since then Righi” 
and Hedrick* have concluded that the effect is 
not the accepted one, at least not for the so- 
called “‘ideal’’ adjustment of the mirrors, while 
Woempner* and Cartmel® derive a third-order 
expression for the fringe-shift. (By the order of 
the effect is meant the degree of the ratio 8 of 
the velocity of the system through the ether to 
the velocity of light.) The formulas derived by 
all these writers involve factors which depend on 
the adjustment of the apparatus. Righi, Hedrick 
and Woempner suppose that the fringe-shift to 
be expected in view of the difference in the times 
required to traverse the two paths in the inter- 
ferometer is compensated for by the relative 
rotation of the two recombining beams, at least 
in special cases. Their procedure seems to be 
essentially that of computing the same quantity 
approximately in two different ways, and then 
mistakenly subtracting one result from the other. 
They find that the position of the central fringe 
is practically unaffected by rotation of the 
apparatus, but wrongly infer from this fact a 
null (or very small) effect for the experiment. 
Oddly enough the third-order effects derived by 
Woempner and by Cartmel seem to be in good 
agreement with Miller’s experimental data if 
the linear velocity of the solar system due to 


1 Hicks, Phil. Mag. 6, 3, 32, 555 (1902). 

? Righi, Comptes rendus, 1917, several papers. These 
are summarized in English by Stein, Memori della Societa 
Astronomica Italiana 1, 283 (1920). 

> Hedrick, Conference on the Michelson-Morley Expt., 
Astrophys. J. 68 (1928). ° 

* Woempner, unpublished manuscript. 

*Cartmel, paper presented at the Pittsburgh Meeting 
of the Am. Phys. Soc., Dec. 27-29, 1934. Phys. Rev. 47, 
333A (1935). 


rotation of the galaxy is used in evaluating the 
ratio B. 

It was long ago demonstrated by Lorentz* 
that a rotation of the interfering beams of the 
magnitude actually occurring could not offset 
the phase difference produced by the relative 
lengthening of one path as compared to the other. 
Contrary results have been reached by so many 
other investigators, however, that it has seemed 
worth while to attack the problem by a variation 
of their detailed method with a view to reconcil- 
ing it with Lorentz’s beautifully simple treat- 
ment. The present discussion is based almost 
entirely on the careful application of Huygens’ 
principle to the reflection from the moving 
mirrors. By this means the directions of the rays 
in a reference system supposed fixed in the ether 
are computed; from these directions it is a 
simple matter to infer the courses of the two 
beams with respect to the apparatus, and the 
fringe-shift (or relative phase change) which 
would result from rotation of the apparatus. It 
turns out to be unnecessary to compute the 
lengths of the actual paths in the ether. 

In the first place a simple demonstration will 
be given of the relation of the angle of reflection 
@ to the angle of incidence 6 (glancing angles) 
of a beam of light falling on a mirror moving 
with velocity v in a direction at an angle @ with 
the normal to the back of the mirror. In Fig. 1 
is represented an element of the mirror of length 
és(=op). During the time 6¢ between the arrival 
of the wave front at o and its arrival at p the 
point p of the mirror will have moved a distance 
vit= pp’ to the position p’. Hence by the usual 
argument it is evident that the reflected wave 
front will be along gp’, which is tangent to the 


* Lorentz, demonstration restated at Conference, refer- 
ence 3. z 
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Fic. 1. Mirror OP moving with velocity #. Incident ray 


at a glancing angle @. 


elementary wavelet centered at 0. The point 3, 
which is the projection of p’ on the direction of 
the incident light is at a distance cét from o, 
c being the velocity of light. Hence from sym- 
metry ¢=0@—2e. Also 


sin e=(pp’/ po) sin 7 pp’o=v(dt/ dbs) cos (ate); 


(véi cos a)/és 
tan e= ‘ 
1+-(vdt/ds) sin a 


Now cét=o0b=o0a+ab 


= 6s cos 6+-véi cos (r/2—80—a) 


6f=(1/c)és cos 6 [1 —B sin (@+a) }. 
Substituting in above expression we get 
tan e=(8 cos a cos @)/(1—8 sin @ cos a); 
g = 60—28 cos a cos 0—8* cos* a sin 28. (1) 


Here and throughout the discussion terms in- 
volving higher powers than the second in 8 are 
disregarded, as are also terms such as w*8, yo*, 
yo'w8 and yow'’8; yo and w are defined hereafter. 

Following the plan of others, we consider the 
position of interference bands formed on a screen 
S due to a plane-parallel beam incident from the 
left on the diagonal mirror M, (Fig. 2). This of 
course is an idealization of the actual experiment, 
but it will be shown that similar effects are to 
be expected. Hence the angle of incidence on M, 
of a ray inclined at a small angle y to the x axis 
(fixed in the apparatus as in the figure) will be 


6,=4/4-—y=1/4—[yo—B sin (yo—y) | 


where ~=a-—r/4. 
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Fic. 2. Arrangement of mirrors. 


This expression is got by adding the aberration, 
—B8 sin (yo—¥), to the angle of incidence that 
would exist if the system were at rest. This 
angle is taken as slightly different from 7/4 for 
the sake of generality. 

Applying Eq. (1) to the beam B initially 
reflected from M, and then from M, (which is 
inclined at a small angle w.) and to the beam B’ 
initially traversing M,, then reflected from M; 
(inclined at angle w;) and again from 14, we 
obtain, after correcting for the aberration, the 
inclinations of the emergent beams to the y axis 
fixed in the apparatus as, respectively 


p=2wetyot Bro + (8? 2) sin 2y+ B* 2 Cos 2y¥ 


and 


p’ = 2w;+4+ v¥o—B* vo + B? 2) sin 2y — B* 2 COS 2y. 
The computation is long and tedious and will 
not be given here. The list below contains a few 


details, the subscripts referring to the particular 


mirror involved; the primed values are for 
reflection of the beam B’ from .W,. 
6,=2/4—[yo—B sin (yo-¥ a,=~+r/4 
Qe=¢1t 8 4 — we ag=jr+y @ 
= s/2—w:—[ve—8 sin (ve—¥ a= +4 
A,’ ¢gstinxrte ay =~+jir 














it 


IS 


V 
ai 
IT 











MICHELSON-MORLEY EXPERIMENT 967 


= 


M, 
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Fic. 3. Positions of mirrors extended. 


The angle between the wave fronts, then, is 
simply 


o=— p’ = ? wWe—-W )+ p? cos 2y. 


We resort now to a simple device. Let us 
imagine the mirror M;, say, extended as indi- 
cated by the dotted lines in Fig. 3 to intersect 
M,, also extended. From the intersection we 
imagine a mirror J/,’ drawn parallel to M,. In 
such an arrangement the angles characterizing 
the rays would be the same as in the actual case. 
Now the central fringe, defined as that resulting 
from the interference of rays having a difference 
in path in space equal to zero, would evidently 
be produced by rays incident on the diagonal 
mirror in the neighborhood of the intersection 
of the mirrors. Hence this fringe would be 
formed on the extended screen in the neighbor- 
hood of M/;. Furthermore, the expressions for p 
and p’ indicate that the fringe is practically 
stationary since, but for the effect of the terms 
(8/2) sin 2¥, the wavefronts oscillate symmetri- 
cally about a line (Af, Fig. 4) fixed in the moving 
system ; i.e., they are at equal angles on opposite 
sides of hf which vary with the orientation of 
the apparatus. 

Now the fringe of interest is not the central 
fringe defined above, but rather the fringe in 
the neighborhood of the y axis, in this case a 


wn beer ————— " ‘} 





_ Were treat in beam O 


Fic. 4. Positions of interfering wave fronts. 


distance from the central fringe approximately 
equal to the separation / of M; and M,. By 
referring to Fig. 4 it is seen that a wave front (af) 
in the beam B, instantaneously passing through 
the fringe f, produces a fringe at @ (in the 
neighborhood of the y axis) by interfering with a 
wavefront (ab) in B’ with respect to which it is 
retarded by a constant number n of waves, such 
that 


ny =d =I tan 2(we—ws;). 


As the apparatus rotates, the fringe formed at 
this intersection will move about the y axis, its 
x coordinate being (except for a small constant 
evidently 


x=l—d cot [2 ws — w3) +8* cos dy) 


tan 2 We Ww 


tan 2(we—w + 8* cos 2y 


ls* cos 2 
approximately. (2) 
tan 2(w2— ws) 


The approximation is justified, since in the usual 
performance of the experiment w:—; is of the 
order 10~* while 8 is 10~* for the earth's orbital 
velocity and 10~* for its velocity due to galactic 
rotation. 

Since the mean width of the fringes is 
‘tan 2(we—w;) where \ is the wavelength of the 
light employed, we find for the shift expressed in 
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fringe-widths simply the ratio of x to this width, 


i.e€., 
Ip? cos 2y¥/tan 2(we—w;) / 
ee ‘ 7 =-B* cos 2y. (3) 
A/tan 2(we— ws) nN 
Now the wave fronts from mirror M,. are 


indistinguishable from those from M,’ except as 
to phase, and from the elementary theory of the 
experiment it turns out that the variable part of 
this difference of phase is the distance between 
M, and M,' multiplied by (6*/A) cos 2y. The 
distance is / tan aw so the fringe-shift due to this 
path-difference is (//A)6* cos 2¥ tan we; because 
of the factor tan a this is evidently ignorable 
in comparison with the shift expressed in Eq. (3). 

The errors of the writers referred to are of two 
kinds: they either confuse the central fringe 
defined above with the axial fringe, and so infer 
a null effect from the fact that the former is 
practically stationary, or else regard the effect 
computed above from the angular deviations of 
the rays as but one component of the whole 
effect, the other being the shift due to the 
difference in the lengths of the two paths. By 
computing the latter approximately (to the 
second order) and the former to the third order, 
one erroneously derives a third-order effect. It 
is readily shown, however, that the (fofa/ effect 
is expressed in Eq. (3) which we have derived. 
For the wavefronts in each beam are parallel 
planes at fixed distances apart, two of which 
intersect in a line (the central fringe established 
by a hypothetical case) which is practically 
fixed in the axes moving with the apparatus. 
Hence their intersections, and the fringes formed 
at them, are completely determined in position 
by the angles between the wave fronts. 

Hence the total effect to be expected in the 
experiment is expressed in Eq. (3), which is the 
same as results from the simple approximate 
theory. 

The same variation in phase exists in the 
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’ 


“ideal”’ case, i.e., that in which the end-mirrors 
are exactly perpendicular to the axes, although 
then the approximate expression in terms of 
fringe-width would not be valid and the fringes 
would become indefinitely broad. Nevertheless 
the method the writer’ and 
Illingworth,? in which the phase-shift 
exhibit itself by unbalancing a split photometric 
field, would still be applicable. In other words 
the “‘ideal”’ case is special only in that the fringes 


employed. by 
would 


produced are too broad to permit direct visual 
estimation of their positions. 

The actual experiment, of course, deals with 
cones of rays brought finally to a focus in a 
telescope, instead of plane waves interfering on 
a screen. The latter have been considered here 
only because they have given rise to the whole 
confusion. It paraphrasing 
Lorentz, to treat the general case. The phase- 
differences may be computed by the elementary 


much simpler, 


is 


method in which the second-order differences in 
direction discussed above are ignored for the 
reason that such directional differences can only 
produce errors of order higher than the second 
in the result. For, if the approximate value for 
the length of either path be /) while the actual 
length is a function /(€, €&, ¢;) where the argu- 
ments are the small angles (of the order of 8 
between corresponding segments of the actual 
and approximate paths, then on expansion of 
the function we find for the error 

al al 
€9 T€ 
de 


O€; O€s 


+-terms involving higher powers of the e's. 


But Fermat's principle requires that the path be 
a minimum; hence the first derivatives vanish, 
showing that the error involves only powers of 
8 higher than the third, and therefore ignorable. 


12, 621 (1926 


1927 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


The Helium Content of Beryls 


The late Lord Rayleigh showed in 1908 that many 
beryls contained large quantities of helium. If this had 
accumulated in the minerals as a result of atomic dis- 
integrations of beryllium we should expect high helium 
content only in the older beryls. If, however, the helium 
was trapped in the mineral when it was formed, (which is 
unlikely since other siliceous minerals do not absorb 
helium), or if it is due to a short lived radioactive material 
initially present, we should expect large helium content in 
the younger beryls since opportunities for its escape would 
have been less. Lord Rayleigh’s' results decidedly support 
the former alternative. Beryls from the younger rocks 
have not in any case been found to contain much helium; 
beryls from the older formations usually contain a rela- 
tively large amount. These measurements, which have 
been confirmed by Paneth and Peters,? suggest that the 
helium found in beryls is due to the disintegration of 
beryllium. 

There is, as yet, no definite evidence of the terrestrial 
existence of ,Be*. It is noteworthy that by extrapolating 
Aston’s mass defect curve it is found that the nuclear 
binding energy of ,Be* is very small and may indeed be 
little greater than zero. R.d'E. Atkinson* supposed that this 
isotope has a negative mass defect so that .Be* is spon- 
taneously radioactive, breaking up into two a-particles. 
It has, therefore, been suggested that the helium found in 
beryls may be the disintegration product of ,Be* which 
was trapped in the minerals when they crystallized out. 
On general grounds (and by analogy with the other light 
elements) it would appear more probable that ,Be* is 
stable, i.e., that it has a positive, though small, mass 
defect. It is likely, therefore, that ,Be* is not spontaneously 
radioactive. 

In a later communication Lord Rayleigh‘ considered the 
possibility that ,Be* might be radioactive as suggested by 
Langer and Raitt;> but he has shown that on this as- 
sumption the calculated time necessary for the accumula- 
tion of the helium is much greater than can be allowed and 
concludes that the helium in beryls cannot be brought 
into line with any “existing emission of a-particles,"’ this 
conclusion being independent of whether beryllium or 
some other constituent is thought to be the parent element 
More recently, moreover, Evans and Henderson,’ Gans, 
Harkins and. Newson,’ and Libby* have proved conclu- 
sively that ,Be® is not radioactive. 

In this connection the recent work of Szilard and 
Chalmers® and Gentner’® is of significance. These in- 
vestigators have shown that y-radiation is capable of 
ejecting neutrons from ,Be*, the results of Gentner indi- 
cating that ,Be’ is stable with a mass defect energy of 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions 
expressed by the correspondents. 


0.45 < 10° e.v. It is thus apparent that y-radiation is 
capable of disintegrating ,Be*® according to one or other of 
the reactions 


«Be’+y—>,Be'+n; ,Be®+4-—-,Het+.Het+n. 


In addition, if ,Be* has a small but positive nuclear binding 
energy it will not be spontaneously radioactive, though it 
will probably be easily disintegrated into two a-particles 
by the nuclear absorption of y-radiation thus: 


«Be® + y—-He* + Het 


Hence, since there are widely disseminated radioactive 
substances in the earth's crust, and since the atmosphere 
is continually bombarded by the shower producing 
secondary y-radiation due to cosmic rays, it is apparent 
that any stable ,Be* atoms originally present in beryls (or 
produced from ,Be* as above) may be broken down to 
form helium as may «Be® atoms also. In consequence, the 
helium content of beryls may be due to the disintegration 
of ‘‘stable”’ (i.e., nonradioactive) beryllium isotopes. Thus 
«Be*, though stable, may have disappeared from the earth 
owing to disruption by cosmic radiation. It is to be noted 
that if the ,Be* mass defect energy is very low the a- 
particles produced will have such short ranges that no 
perceptible ionization due to them will be observed, since 
the nuclear processes discussed above are not sufficiently 
energetic to give rise to a-particles which could be de- 
tected by the normal methods. 

In a similar way it would, therefore, appear probable 
that the just stable ,He* has disappeared from the earth's 
atmosphere, since this isotope, consisting of an a-particle 
and a loosely bound neutron, could also be disintegrated 
into an a-particle and a neutron by the secondary 7- 
radiation of cosmic rays. Thus both ,Be* and -He’, though 
stable (in that they have small positive nuclear binding 
energies), may have disappeared from the earth in the 
form of helium, i.e., may have died out as if they were 
“radioactive.” 

H. J. WALKE. 

Department of Physics, 

Washington Singer Laboratories, 
University College, Exeter, England. 
March 25, 1935. 


' Rayleigh, Nature 123, 607 (1929 

? Paneth and Peters, Zeits. {. physik. Chemie Bl, 187 (1925 
*R. dE. Atkinson, Astrophys. J. 73, 250 (1931 

* Rayleigh, Nature 131, 724 (1933 

* Langer and Raitt, Phys. Rev. 43, 585 (1933 

* Evans and Henderson, Phys. Rev. 44, 59 (19353). 

’ Gans, Harkins and Newson. Phys. Rev.44, 512 (1933 

* Libby. Phys. Rev. 44, 512 (1933 

* Szilard and Chalmers, Nature 134, 437 (1934 

*” Gentner, Comptes rendus 199, 1211 (1934) . 
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Slow Neutrons 


Following our earlier experiments! we have investigated 
further the production of slow neutrons from fast neutrons 
through collisions with H nuclei. A 500 mc Rn-Be neutron 
source bulb, with about 0.75 mm lead foil around it, was 
suspended about 65 cm from a Li lined ionization chamber 
connected to an amplifier-thyratron recording system. The 
source was then successively surrounded by paraffin 
spheres from 0 to 23 cm radius, and the number of slow 
neutrons which were capable of disintegrating Li, and being 
anomalously absorbed by Cd, was observed by taking 
readings with and without Cd interposed, in order to 
separate out the slow and fast neutrons. Cd shields pro- 
tected the chamber from slow neutrons scattered back from 
the room. 

In Fig. 1, the upper solid curve shows the readings with- 
out Cd, and the lower solid curve the readings with Cd 
interposed (neutrons outside the Cd absorption region), the 
dashed intermediate curve being the difference between the 
two, or the slow neutron component only. The lowest 
dotted curve shows the decrease in fast neutrons detected 
through projected protons from previous data*® for com- 
parison. The number of slow neutrons present in the 
original source is apparently zero, but since the mean free 
path of fast neutrons in paraffin is of the order of 4-5 cm, 
in order to account for the production of some slow neu- 
trons with near thermal velocities with only about 3 cm 
of paraffin, it seems necessary to conclude that there are a 
large number of neutrons in the original source which are 
already below the ordinary fast neutron limits, i.e., prob- 
ably below 100,000 e.v., where the M.F.P. isalready smaller 
This is consistent with other evidence. The decrease ob 
served after the maximum may be due to some absorption 
process, such as with H to form deuterium, or possibly 
with C. Since the slow neutron M.F.P. in paraffin is of the 
order of 2 mm, the actual number of collisions in the large 
spheres is enormous, so the probability of capture per 
collision does not need to be large. The behavior of water 
was practically the same as paraffin at the points tested.‘ 
The slight rise in the lower solid curve with Cd interposed 
implies that Li detects some neutrons above the Cd 
absorption region, in the intermediate range between fast 
and slow. 

Measurements of slow neutron-nucleus collision cross 
sections have now been made over a wider range of ele- 
ments, and under more refined conditions. The slow neu- 
tron-proton cross section is revised upward to about 
31 <10-* cm?, and that of the neutron-deuteron is about 
5.3107" cm*, compared to about 1.610-"% cm? for 
both with fast neutrons. Al and S cross sections with slow 
neutrons are probably less than for fast neutrons. Samarium 
and terbium, from some rare earth samples kindly supplied 
by Dr. A. F. Daggett, show the highest absorption coeffi- 
cients yet measured, even larger than Cd, with cross 
sections of about 5000 10~-™* cm*, when measured with 
a reasonably parallel beam of slow neutrons. It does not 
seem likely that the presence of impurities of unknown 
cross section could cause any large part of the effect. Cd 


shows a nearly exponential absorption curve for an ap- 
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neutron beam, and gives a 
3300 « 107-* cm 


proximately parallel slow 
neutron-nucleus cross section of about 

Previous attempts to measure elastic scattering of slow 
neutrons from Cd have shown it to be so small that intro- 
duction of a Cd scattering cylinder actually decreased the 
observed number of neutrons, since it shielded the chamber 
from neutrons scattered back from the room somewhat 
although such materials as Cu, MgO or CaCO 


large scattering. A new experiment to eliminate room 


showed 


scattering, was performed by placing the source (paraffin 
sphere) and Li chamber at opposite ends of a tight cy 
lindrical enclosure made of Cd. The direct beam of slow 
neutrons was eliminated by interposing a Cd disk between 
the source and chamber. The presence of any slow neu- 
trons scattered from the walls of the Cd cylinder was 
tested by measuring the effect of placing a Cd sheet before 
the ionization chamber. Less than one neutron per minute 
was scattered from the Cd (which might be due to the air 
rather than Cd), whereas with Cu or Mg under similar 
conditions more than 100 per minute would be observed 
The large stopping power of Cd for slow neutrons (0.005 cm 
is sufficient to absorb about one-half) is then due almost 
entirely to capture and absorption, and not to elastic 
scattering. Rough erperiments indicate that this is also 
true for the other highly absorbing elements 
I. R. DUNNING 
PEGRAM 
FINK 
D. P. MiITcHELI 
Pupin Physics Laboratories 
Columbia University, 


June 3, 1935 
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The Emission of Negative Electrons from Lithium and 
Fluorine Bombarded with Deuterons 


In the last issue of The Physical Review we published 
the energy spectrum of beta-rays from boron bombarded 
with deuterons, which we were able to obtain by bom- 
barding a target inside the cloud chamber. Continuing 
with the same experimental set-up we have obtained the 
beta-ray spectra from two other substances, which we 
suppose are Li* and F”, and which also have short half- 
lives. In both cases an automatic switching device was 
used which shut off the bombarding ion beam before the 
chamber expansion, so that only delayed effects were 
observed. 


LitHiuM BOMBARDED WITH DEUTERONS 


The points in Fig. 1 show the distribution in energy of 
1646 electrons obtained from 1000 cloud chamber photo- 
graphs, taken about } second after bombardment, with } 
microampere deuteron current at 0.8 M.E.V. The tracks 
were curved in a magnetic field of 1500 gauss to determine 
their energy. 0.3 M.E.V. has been added to all points to 
compensate for the stopping power of the foil surrounding 
the target, so that they give directly the energy of the 
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electrons. The reaction is probably 
Li’ +H*-+Li* + H'+Be*+e~ + H'—-Het + He*+e" +H". 


If the first part of the reaction is correct, the second 
disintegration, in which Be® splits into two alpha-particles 
probably follows, since several pieces of information 
indicate that Be* is unstable. There is no assurance, 
however, that the two disintegrations do not take place in 
the reverse order, that is, 


Li’+H*+Li*+ H'~He'+ H‘'+ H'+Het+Het+e"+H'. 


The protons emitted during bombardment may _bé Jex- 
pected to have an energy in the neighborhood of 4 M.E.V: 

To determine the half-life of the active constituent, we 
adjusted the timing device so that the ion beam was shut 
off at }, 4, 2 and 1 second before the chamber expansion. 
50 photographs were taken at each of these settings, and 
the average numbers of tracks per photograph were found 
to be 7.08, 4.84, 3.70 and 2.45, respectively. These, plotted 
on a log scale lie quite closely on a straight line, and 
indicate a half-life of 0.5+0.1 second 


FLUORINE BOMBARDED WITH DEUTERONS 


The points in Fig. 2 show the energy distribution of 
1363 electron tracks obtained from 800 cloud chamber 
photographs taken with } microampere deuteron current, 
at 0.8 M.E.V., and 1500 gauss magnetic field. These 
points have also been corrected for the stopping power of 


the foil. The electrons probably arise from the reaction 
F'!+H*+F™ + H!+-Ne® +e" +H. 


We have measured the half-life of the radio-fluorine by 
means of an ionization chamber and found it to be 1242 
seconds. 


COMPARISON WITH THEORY 


The energy distributions of the electrons in Figs. 1 and 
2 do not fit at all with those derived from Fermi’s theory 
in its original form, according to which we should expect 
the maxima of the curves, for such high energy spectra, 
to lie at points only slightly less than half the upper limit 
of energy. It should be kept in mind, however, that the 
experimentally obtained energy distributions are somewhat 
influenced by instrumental conditions, which tend, in 
general, to make unreliable the relative numbers of low 
energy tracks measured, but we feel that this distortion 
is important only below | or 1.5 M.E.V. It is not probable, 
therefore, that this can account for the large difference 
between the observed positions of the maxima and those 
predicted by Fermi's theory. Professor Oppenheimer has 
pointed out to us that the data are in very much better 


agreement with a formula of the form: 
N(E) =const. E*(E, —E)*. 


Such a formula would follow if the coupling energy 
between the neutron-proton and the electron-neutrino 
field were taken proportional to the first derivative of the 
neutrino function, and this possibility has been advanced 
by Uhlenbeck and Konopinski on empirical, grounds. The 
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curves in Figs. 1 and 2 have been drawn according to this 
formula, fitting the data as well as possible, which necessi- 
tated taking as upper limits Z, 10.5 and 5.25 M.E.V., 
respectively. It is seen that these fit the experimental 
points well within the probable statistical fluctuations, 
although, from the standpoint of the data alone, one might 
be inclined to place the upper limits slightly lower than 
10.5 and 5.25 in consideration of the possibility of a little 
straggling. The lifetimes of these substances, on the other 
hand, lie too near those to be expected on the basis of 
Fermi's original formulation to permit the inclusion of 
higher derivatives in the interaction energy. 

H. R. CRANE 

L. A. DELSAsso 

W. A. Fow_er 

C. C. LAURITSEN 

Kellogg Radiation Laboratory, 
California Institute of Technology, 
May 31, 1935. 


Interaction of Nuclear Particles 


Heisenberg,’ in an important set of papers, attributed 
nuclear binding entirely to proton-neutron attractions. 
Supposing these to be of a classical nature it is easy to 
show (if the proton-neutron potential energy is a simple 
monotonic function of the inter-particle distance) that the 
nuclear binding energy is 


W~ -Z(A —Z). (1) 


This is essentially what is obtained if the Coulomb repul- 
sion between protons is neglected. Inclusion of Coulomb 
forces would, however, still give a binding energy varying 
quadratically with the number of nuclear particles. If this 
were right we could not understand natural radioactivity 
and the ending of the periodic system of elements. The 
failure of a classical interaction law is not apparent for the 
lightest nuclei and Wigner* was able to show that the mass 
defects of the deuteron and the a-particle were compatible 
with classical forces. From the experimental law that mass 
defects are roughly proportional to the number of nuclear 
particles we see that our theory must give instead of 
Eq. (1) 

W~ -A. (2) 


Now Z(A —Z) is just the number of interactions of Z 
protons with A-—Z neutrons. Heisenberg, and later 
Majorana,* saw that the simplest way of obtaining some- 
thing like Eq. (2) instead of Eq. (1) was the introduction 
of interactions of such a nature that a given proton or 
neutron feels only those neutrons or protons in the same 
quantum state. They introduced such an interaction and 
obtained instead of Eq. (2) 


W~ -Z. (3) 


Heisenberg’s proposed interaction gave saturation with 
one-proton-one-neutron, but the proposal of Majorana 
allowed two-protons-two-neutrons to interact in an 
effective way. The latter is much more satisfactory. 
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These were steps in the right direction but, for heavy 
nuclei, Eqs. (2) and (3) are not equivalent and experiment 
favors Eq. (2). To improve the theory we must depart 
from the original Heisenberg hypothesis that only neutron- 
proton bonds are important. With neutron-neutron and 
proton-proton bonds of the type suggested by Majorana 
for the proton-neutron bond, it is possible to develop a 
theory giving binding energies ~ —A and nuclear radii 
~A'. These bonds are taken to be the same without 
regard to the kind of interacting particles. To make this 
statement more definite we will give, for comparison, 
expressions for the nuclear potential energy in the theories 
discussed in this letter. 


(Classical) V = —fpe(r:)1(ri2)p,(r2)dr,dr2, 
(Majorana) V= —fpe(ni, r2)Z(ri2)py(f2, t1)dridre, 
(Proposed) V= —fp(n, te)Z(ri)o(te, r)dridre+S. 

In these expressions p, and p, are the density functions 
for protons and neutrons, respectively. Where one argu- 
ment is written, these are just the usual functions but if 
two arguments are indicated the density matrices of Dirac 
are to be used. In the last equation p=p,+ ), and S is 
such a function that this expression does not include the 
interaction of any particle with itself. 

The assumption that J(r) has the form of a simple 
potential hole of depth amc and radius Bé/mc* has been 
made. To get agreement with experimental binding 
energies of nuclei it was found that the parameters a and 
8 must be 

a~40, B~1.00. 
The calculations on which these results rest are not 
accurate enough to allow one to decide whether or not all 
the bonds are of the same strength. It is probable that 
they are not, so the above numbers must be a sort of 
average. 

Independent arguments for the existence of strong 
neutron-neutron and proton-proton binding can be found 
in the number theory properties of stable nuclei. For Z 
odd and A>2Z the number of neutrons A —Z is always 
even. The most simple and unforced explanation of this 
seems to be that strong attractive interactions exist 
between paired neutrons. In order that the balance between 
protons and neutrons, within the nucleus, be preserved, 
similar forces must exist between paired protons. 

White‘ has just published preliminary results on proton- 
proton scattering which indicate just such large deviations 
from the Coulomb law at distances of the order 10-'* cm. 
It is to be hoped that such experiments and furthermore 
accurate theoretical work will teach us a great deal about 
these fundamental interactions. 

Litoyp A. YOouNG 


Carnegie Institute of Technology, 
May 27, 1935. 


!W. Heisenberg, Zeits. f. Physik 77, 1 (1932); 78, 156 (1933); 80, 
587 (1933). 

? E. Wigner, Phys. Rev. 43, 252 (1933) 

+E. Majorana, Zeits. f. Physik 82, 137 (1933) 


‘M. G. White, Phys. Rev. 47, 573 (1935). 
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LETTERS TO 


Evidence for the Formation of ,Be* in the Disintegration 
of Lithium by Deuterons 


From the determination of the range of the alpha- 
particles produced by the reaction 


,H? + 3Li’—~>2,Het+on'. 


Oliphant, Kempton and Rutherford' found the energy 
released in the disintegration to be 14.6+0.25 MEV. By 
measuring the ranges of the recoil protons which had 
sufficient energy to penetrate a mica sheet (stopping 
power 114 cm) which was placed in the center of a high 
pressure cloud chamber, we have investigated the energy 
distribution of the neutrons in this reaction which were 
emitted with energies over 11 MEV. The chamber was 
operated at expanded pressures of 11.9 and 14.7 atmo- 
spheres. Otherwise, the experimental procedure was 
identical to that described in our article which appears in 
this issue. We have taken over 9000 pictures in which 86 
tracks penetrated the mica and satisfied our requirement 
of being projected in the forward direction.’ 

Fig. 1 shows the energy distribution of these measured 
tracks. The points on the lower curve represent the actual 
number of tracks observed in an energy interval of 0.4 
MEV, while the points on the upper curve have been 
corrected according to the varying probability, due to the 
geometry of the apparatus, of observing tracks of different 
lengths. Both curves show a pronounced maximum near 
13 MEV. We believe that this increase is due to neutrons 
from the reaction 


;H?+ 3Li’—>,Be*+ on'. 


Evidence that ,Be* is formed in other nuclear reactions 
has been presented by Kirchner and Neuert,’ and by 
Crane, Delsasso, Fowler and Lauritsen.‘ A preliminary 
investigation of the number of neutrons emitted with 
energies lower than 10 MEV shows that there is a much 
larger number with energies in the neighborhood of 2 or 
3 MEV. 

The maximum energy of the neutrons emitted at 90° 
appears to be 13.4 MEV. The calculated value of the energy 
of disintegration is 14.3+0.5 MEV. From the value 14.6+ 
0.25 MEV obtained by Oliphant, Kempton and Ruther- 
ford, we have calculated that the mass of ,Be® is 0.30.75 
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MEV greater than that of two alpha-particles. A recalcu- 
lation of Kirchner's mass of ,Be* with Bethe’s* new values 
gives a mass just equal to that of two alpha-particles; 
Crane and Lauritsen’s mass of ,Be* is 1.5+0.5 MEV 
greater that that of two alpha-particles. These agree with 
our results within the rather large limits of error. 

Such a mass of ,Be* gives evidence for a resonance level 
in the interaction of two alpha-particles. This may be an 
important factor in the anomalous scattering, as pointed 
out by Beck and Horsley.* 

Thanks are due Professor C. C. Lauritsen and Dr. H. R. 
Crane for the use of the high potential apparatus, and for 
valuable suggestions. We are indebted to the Seeley W. 
Mudd fund for the financial support of this work. 

T. W. Bonner* 
W. M. BruBAKER 

Kellogg Radiation Laboratory, 

California Institute of Technology, 
May 4, 1935. 


‘Oliphant, Kempton and Rutherford, Proc. Roy. Soc. A149, 406 
(1935). 

2 See article by Bonner and Brubaker in this same issue. 

* Kirchner and Neuert, Physik. Zeits. 35, 293 (1934). 

‘Crane and Lauritsen, Phys. Rev. 47, 420 (1935); Crane, Delsasso, 
Fowler and Lauritsen, Phys. Rev. 47, 887 (1935). 

*H. Bethe, Phys. Rev. 47, 633 (1935). 

*G. Beck and L. H. Horsley, Nature 135, 430 (1935). 

* National Research Fellow. 


The Correlation of Wave Functions with the States of 
Physical Systems 

In their recent article, Can Quantum- Mechanical Descrip- 
tion of Physical Reality be Considered Complete?’ Einstein, 
Podolsky and Rosen arrive at the conclusion that the 
question put by the title of their paper must be answered 
in the negative. In the writer's opinion their argument is 
not sound. 

The essential feature of their reasoning is the purported 
demonstration by means of an example that “ti is possible 
to assign two different wave functions ... to the same 
reality.” If this were true, it would mean that quantum- 
mechanical description is erroneous as well as incomplete, 
for each different wave function involves a different 
prediction regarding the future behavior of the system 
described and the authors of the above paper clearly 
intend the phrase “the same reality” to refer to the same 
system in the same physical state. Actually, however, the 
demonstration cited is incorrect. 

The special problem discussed by Einstein, Podolsky 
and Rosen is that of a compound system whose two 
component systems a and § are assumed to interact during 
a limited time interval O<!<T. (We may suppose that 
the interaction is a collision between an atom and a free 
electron which takes place during this time interval.) 
After the interaction it is possible to measure any physical 
property of the system a without disturbing 8. According 
to the usual quantum-mechanical procedure the wave 
function to be assigned to the system § after the observa- 
tion of a depends on the type of observation nade and on 
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its result. But since 8 has not been disturbed by the 
observation of a, Podolsky 
that it cannot be affected by that observation and must in 
" In other 


Einstein, and Rosen argue 


all cases constitute ‘‘the same physical reality 


words, they assume it to be in the same “‘state’”’ in all 


cases. Here lies a fallacy, however, for whenever two 


systems interact for a 
between the subsequent behavior of one system and that 
of the other. Thus in the case of a pair of systems with a 
definite total energy or definite total linear momentum 


short time there is a correlation 


we can infer from the measured value of the energy or 
momentum of one system after a collision what the value 
of the corresponding quantity for the other system must 
be. In the Compton effect each photon scattered at a 
definite angle from a unidirectional monochromatic prim 
ary beam is correlated with a recoil electron driven off at 
a definite corresponding angle. The process of reducing 
the wave packet? is the orthodox procedure for taking this 
correlation into account and, of course, it vields a different 
wave function for the recoil electrons correlated with 
photons scattered at one angle from that for recoil electrons 
whose photons have been scattered at another angle. If 
our mathematics did not work out that way we should 
have to revise it. 

It is quite true, as pointed out by E., P 


the act of observing the system a@ can hardly be supposed 


and R., that 


to change the state of a system 8 which may be widely) 
separated from it in space, but it can and does reveal 
something about the state of 8 which could not have been 
deduced from the initial wave function of the combination 
system without such an observation. Thus each possible 
wave function for system 8 gives a correct description of 
the corresponding state of that system 

These remarks would hardly clear up the whole question 
if no specific mention were made of the interpretation of 
quantum mechanics as a statistical mechanics of assem- 
blages of like systems. This point of view most clearly 


formulated by Slater* seems the only way of solving the 


paradoxes of the presentation of elementary 


It asserts that the wave functions of the 


average 
quantum theory 
Schrédinger theory have meaning primarily as descriptions 
of the behavior of identical 
systems similarly prepared. When we say that the “state” 


infinite) assemblages of 
of an electron in motion is described by ¥(x, t) we mean 


that an assemblage of a very large number of similarly 
prepared electrons would have statistical properties de 
scribed by this function, and that we cannot know more 
about an individual electron than the fact that it belongs 
to a suitably chosen potential assemblage of this character 
Every analysis of a wave function into a linear combination 
of orthogonal functions can be interpreted as a resolution 
of the complete assemblage into a collection of sub 
assemblages. The expansion set up by E., P. and R. of 
the complete wave function ¥(x,, x3) for the combination 
system into eigenfunctions of a dynamical variable A of 
the system a shows that in each sub-assemblage we have 
state of the 


particular 


between a pure 


a correlation 
variable A and a corresponding state of the system 8 


The act of measuring the variable A is the physical 
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counterpart of this mathematical expansion and when 
successful‘ shows which sub-assemblage a particular pair 


“reduction of the wave 


The 


is the process of substituting the wave function 


of systems a, 8 belongs to 
packet” 
of the sub-assemblage for that of the original complete 
assemblage which must accompany the transfer of one's 


from members of the 


attention an arbitrary member or 


original assemblage to systems known to belong to said 
sub-assemblage 

There seems no reason to doubt the completeness of the 
quantum-mechanical description of atomic systems within 


the frame of our present experimental knowledge 


Epwin C. KEMBLE 
The Physical Laboratories, 
Harvard University, 
May 25, 1935. 
\. Einstein, B. Podolsky and N. Rosen, Phys. Rev. 47 1935 
t Reference 1, p. 779 
} C. Slater, J. Frank. Inst. 207, 449 (1929 
‘In most measurements of the properties of at t we 
not get a definite result for every system in the gar » under in ga 


The Dielectric Constant and Resistance of 
Colloidal Solutions 


It has been noticed by various investigators that the 


dielectric constant of aqueous colloidal solutions is often 


that of usually 


considerably higher than water. It has 
been assumed that this increase results from the colloidal 
particles acting as dipoles, but there is evidence’: * that 


this is not the essential principle involved, and the fol 

lowing experiments throw further light on the situation 
Over a range of frequencies from 0.25 to 2000 kilocycles 

a Wheatstone | 


t 


sec. measurements were made with idge 


by a substitution method, comparison being made with 


potassium chloride solutions taken to have. a dielectri 


constant equal to that of water and resistances independent 


of the frequency. Electrode polarization is a difficulty at 


low frequencies, but can be eliminated by measuring at 
| 


different electrode distances 


Coarse suspensions are particularly suitable for study 


and we have used Nujol, sulfur, ferric oxide and kaolin, 


in sodium oleate and gelatin; cream (natural and homo 


genized); and cellulose in water, with mean particle size 


ranging from 10u down to 0.5u. For all these, we find high 


dielectric constants at the lower frequencies, generall\ 


increasing with the total internal surface and increasing 


rapidly as the frequency decreases, so that values as high 
As is to be exper ted 


decreasing 


as 40,000 are obtained in certain cases 


the resistance simultaneously increases with 


frequency 


That we are dealing with the same effect in all cases is 


indicated by the characteristic fashion in which the 


dielectric constant and the resistance vary with the 


frequency (Fig. 1). Over a wide range of frequencies the 


D_) 


dielectric constant 


values of (D where D_ is the constant value of the 


obtained at high frequencies, vary as 
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Fic. 1. Dielectric constant as a function of frequency for (1) 60 
percent Nujol in 1.5 percent sodium oleate (mean diam. 5g); (11) 45 
percent kaolinin 1.5 percent sodium oleate (diam. 0.54); (IIT) 1.5 percent 
colloidal ferric oxide (submic roscopic); (Iv) 2 percent cellulose in 
water; (V) 1.5 percent soap. The resistance-frequency curve is shown 
for 45 percent kaolin in 1.5 percent sodium oleate 








aoe Bi ' oon 7 
| 
@000r ted 
| » ‘ 
| = 2 
7 i 
> Of | 
< | > ©9 
. 
- 600d &¥ 
. 
’ 9 
| 12 
| x 2 © 
y od > 
- 2 >» 
= 4000 > 
© a 
ra 3 13 
r—) < . © 
R | 
Nv 
¢t 
. © 
i a D 
* - - 
- Sa ~ — 
fs) 52 28 5i2 2046 
2 Frequency (he per sec) 
Fic. 2. The dielectric constant as a function of frequency for sus 
pensions oi kaolin in 1.5 percent gelatin at different py values. T 
resistance-frequency curve is shown for one of the suspensions. Volume 


concentration of kaolin is 23 percent 


an inverse power of the frequency, with an exponent which 
is always near unity, and exactly this value in a great 
number of cases 

As a possible explanation of these results, it may be 
observed that since part of the current (representing the 
surface conductance) passes through the highly charged 
regions which are generally present at and near the surfaces 
of the colloidal particles, an increased dielectric constant 
and resistance would result at the lower frequencies if the 
current, in passing into such regions, were polarized as 
one would expect it to be. From the point of view of this 
interpretation it should be remarked that the polarization 
(represented by the polarization capacity and the polari- 
zation resistance), which is observed at interfaces such as 
metal electrodes or membranes (collodion or biological 
membranes) is also characterized by its being a power 
function of the frequency, although with widely varying 


values of the exponent from system to system 
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The experiments represented in Fig. 2 were made to 
test the relation of the increased dielectric constant to the 
charge on the colloidal particles. Suspensions of kaolin in 
gelatin were measured at three different pH values. At 
pH =5.0, which is close to the isoelectric point of gelatin, 
the electrophoretic velocity of the kaolin particles is 
nearly zero and the dielectric constant smallest. That the 
value is still high may be explained on the grounds that 
the zero charge on a kaolin particle, at the isoelectric 
point, results from a time or space average of equal 
positive and negative charges. 

Other systems studied include colloidal ferric oxide,’ 
soap (commercial), sodium oleate, gum arabic and gelatin. 
For ferric oxide and soap (1.5 percent) the frequency 
curves for resistance and dielectric constant present the 
same general forms as those obtained for coarser suspen- 
sions (Fig. 1). For sodium oleate (1.5 percent) as well as 
for gum arabic (10 percent) and gelatin (1.5 percent), the 
resistance and dielectric constant are independent of the 
frequency. 
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Welding Arcs in Argon 


The purpose of this note is to give an interpretation to 
some experiments with arcs in argon recently reported in 
these columns by G. E. Doan and W. C. Schulte.' They 
found that in pure argon gas there is ‘‘a complete absence of 
crater formation in the base metal or previous weld deposit, 
and a resulting complete lack of penetration into, and fusion 
of the parts being welded.’ This was observed at values of 
total arc wattage equal to or greater than that required 
to produce satisfactory welds in air. 

The relatively poor heat transfer due to the lack of a 
dissociation-diffusion-recombination process in the mon 
atomic argon is probably responsible for these results. By 
a variation of the velocity of sound method previously 
reported,? we have measured the gas column temperature 
in a welding arc between an iron plate and a 3/16" com 
mercial coated iron welding rod (type W-20) at 125 
amperes d.c. and find a mean value of 6000°K. From 
recently determined’ equilibrium constants for the dis- 
sociation processes 0.20, N.<2N, the arc atmosphere is 
calculated to be 81 percent atomic gas at the observed 
temperature. The effectiveness of dissociated gas in heating 
metallic surfaces, which act as catalysts for the recombina 


tion process, is well known. Langmuir‘ has shown that for 
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the H: arc the alternative process, direct thermal conduc- 
tion through the gas, is relatively unimportant. The high 
percentage of atomic gas which we have observed in welding 
arcs suggests that these arcs depend to a large extent upon 
the diffusion-recombination process for heat transfer. The 
experimental results of Doan and Schulte support this 
view. 

The relative effectiveness of the diffusion of H through 
H: and N through N, in heat transfer may be calculated 
from 

hy/hy = aD y Vy/aDy Vy = d\n Cu Va/AwCx Ve, 


where h is the quantity of heat, a is a constant, D is the 
diffusion coefficient, V is the dissociation potential, C is the 
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mean molecular velocity, \ is the m.f.p., and the subs« ripts 


4.4 and 
2.6. Thus for the same degree of dis- 


refer to the respective gases. With the values |] H 
Vy = 11.7, 


sociation the diffusion heat transfer in nitrogen is nearly 


hy/hy 


half as effective as in hydrogen 
C. G. Suits 
Research Laboratory, 
General Electric Co., 
Schenectady, N. Y., 
May 24, 1935 
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